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Abstract
Creep crack growth experiments, fractographic analysis, and chemical reaction
studies were performed on Inconel 718 to develop a better understanding of
environmentally enhanced creep crack growth. The kinetics of creep crack growth were
determined as a function of stress intensity factor (17-60 MPa--Jm) and temperature (873 -
973 K) in air, pure oxygen, pure argon and moist argon.
Two regions of creep crack growth were identified for specimens tested in air,
oxygen and moist argon. Crack growth rates strongly depended on K and temperature in
the transient region (lower K levels) and also varied with changes in initial specimen
loading. In the second region (higher K levels), rates became steady and varied less with
changes in K, yet were strongly affected by temperature. Creep crack growth rates
regions were thermally activated with an apparent activation energy of 287 kJ/mol in pure
oxygen and 191 kJ/mol in moist argon. No oxygen pressure dependence was observed
for pressures ranging from 2.67 to 100 kPa at 973 K, but it was shown that oxygen
diffuses ahead of the crack tip. Similar rates were observed in air, pure oxygen, or moist
argon, while rates in high purity argon were four orders of magnitude slower than those
in the other environments. The steady state data may be represented by a semi-empirical
model.
Fractographic analysis showed wedge-type intergranular failure for all conditions
except argon which grew by cavitation-type intergranular failure. Niobium carbide
particles were seen on the fracture surfaces created by creep cracking in air, pure oxygen
and moist argon. The fracture surface in pure argon contained densely packed cavities.
X-ray photoelectron spectroscopic analysis revealed significant segregation of niobium at
the grain boundaries.
Kinetics results suggest oxygen and possibly hydrogen are the embrittling species
for environmentally enhanced creep crack growth in air and moist argon. Grain boundary
segregation of Nb and its interacting with oxygen may play an important role in the
environmental enhancement of crack growth. Further coordinated studies in fracture
mechanics, fractography, and chemistry are suggested.
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Chapter 1
Introduction and Background
1.1 Introduction
Nickel-base superalloys are used widely in aircraft engine components because of
their high temperature strength and durability. Polycrystalline Inconel 718 alloy is one
such alloy which.is mainly used for turbine discs. To improve the reliability of design
a better understanding of the mechanical behavior of Inconel 718 is needed in an effort
to create mechanistic models which will accurately represent specific processes of the
material degradation under prescribed loading and environmental conditions. These
models will serve to provide improved methods for evaluating life expectancy and,
thereby, increase component efficiency and reliability and reduce life-cycle costs.
This study focuses on determining the mechanisms and kinetics of environmentally
enhanced creep crack growth in Inconel 718. It is a part of a comprehensive effort to
develop a better understanding of the environmentally enhanced creep crack growth
behavior of the alloy. Understanding the environment-material interaction aids in
answering the question of why the material fails a certain way and then facilitate
improvements In the material. An understanding of the kinetics, mechanisms, and
environment-material interaction of crack growth coupled with efforts In mechanistic
modelling of crack growth behavior will help to provide designers with improved design
methodology. An understanding of these aspects is currently incomplete.
3
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Most of the work on Inconel 718 has been done through conducting crack growth
experiments at several temperatures and in different environments [1-13]. Results from
such experiments provide kinetic data which are useful for understanding which
environments enhanced crack growth and how temperature affected crack growth rates.
Little work has been done on the rate controlling processes and mechanisms of crack
growth in Inconel 718, although several researchers have reported on theoretical and
mechanistic models [14-18J. Others [14,15,19-21] have studied the roles of alloying
elements on the crack growth process.
Previous work that bear the issues discussed above are first reviewed, and the
specific objectives of this study are presented. The experimental apparatus and procedures
for creep crack growth are then outlined. Experimental results from creep crack growth
in Inconel 718 alloy and from the supporting fractographic and chemical studies are
presented. Finally, the results are discussed and summarized.
1.2 Previous Work
The technical background on crack growth behavior of Inconel 718 is summarized
in this section. Previous work in the area of kinetics is described first, detailing results
on the influences of temperature, environment and microstructure on crack growth rates
in this alloy. Then fractographic analysis and possible mechanisms are discussed.
Finally, chemical studies of nickel and its alloys are covered since their chemical behavior
aids in the understanding of crack growth mechanisms.
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1.2.1 Kinetics
It is crucial to know which mechanical driving force characterizes crack growth
behavior for a given material. Riedel and Rice [16] and Riedel [17] discussed which
parameter is appropriate to characterize the mechanical driving force for creep crack
growth of a material: the path independent integral, c*, or the stress intensity factor, K.
They showed that K characterizes creep crack growth when the "creep zone" at the crack
f
tip is small compared to the dimensions of the specimen. A number of fracture-
mechanics-based studies have been made on creep crack growth in superaIloys. The
results generally suggest K can be used to characterize the creep crack growth behavior
of high strength superalloys, such as Nimonic 80A, Inconel 718, etc. C* appears to be
a more appropriate parameter for heat-resistant alloys that are not age hardened [22].
Stress intensity factor is the appropriate parameter for Inconel 718 and it has been used
in many studies [1,2,4,5,7,10-13].
Many studies have been conducted on the kinetics of creep crack growth of
Inconel 718 and similar alloys using steady load or mixed fatigue and steady load
experiments [1-13]. These studies concentrated on testing in air and vacuum (or inert
environments) at several temperatures. Most work, however, was done either at one
temperature in the two environments, or with a single environment at several temperatures
in the range of 813 to 1033 K. All studies showed that air increased crack growth rates
of Inconel 718 when compared to vacuum or inert environments.
There is much agreement between the creep crack growth data for Inconel 718
reported by different researchers. Floreen [4] and Floreen and Kane [5] noted two
5
"stages" of creep crack growth for specimens tested in air and vacuum at temperatures
between 570 and 973 K (Fig. 1). The so called Stage I crack growth strongly depended
on the initial K level of the test which indicates that it is a non-steady state region. Stage
I curves, which varied with different initial K levels, did converge to a common Stage II
curve which was steady state. Sadananda and Shahinian [12] also showed results with
two stages. Their results, however, did not always converge when starting at different K
levels. Instead, different initial K levels led to different Stage I and Stage II data.
Diboine and Pineau [11] also observed Stage I behavior which depended on test
procedure. They found that there is no correlation between crack growth rate and K in
this region and, therefore, they presumed that Stage II corresponds to stationary conditions
while Stage I is a transition period between crack initiation and steady state crack growth.
Crack growth of Inconel 7 I8 also showed strong environmental and temperature
dependence [4,5,7,12]. Floreen and Kane [5] found that at 923 K crack growth rates were
two orders of magnitude slower in helium than in air. Stucke et ai. [7] also found crack
growth rates to be over two orders of magnitude slower in vacuum (10-6 torr) than in air
at 922 K. Crack growth was found to be thermally activated with an apparent activation
energy of approximately 197 kllmol [4,12]. Mechanistic aspects of environmental
enhancement of crack growth rate are discussed in section 1.2.2.
Microstructure was found to also affect crack growth behavior of Inconel 718
[1,2,5]. Floreen and Kane [5] found that overaging reduced creep crack growth rates at
923 K and concluded that improvements in crack growth resistance through
microstructural control may be possi bIe. Chang et ai. [1] studied both creep and fatigue
6
crack growth behavior of Inconel 718 using a modified heat treatment (MHT) which
employed a two temperature annealing process at higher temperatures than the standard
heat treatment. The MHT produced larger grain sizes and caused a lower yield strength,
but it also improved creep life by 1.5 to 2 times at 923 K and decreased the fatigue crack
growth rate by approximately 2 times at 798 and 923 K. Liu et al. [2] showed that creep
crack growth rates of Inconel 718 strongly depend on the grain size and carbide
distribution. Larger grain sizes reduced crack growth rates. Materials containing
homogeneous fine carbides had the lowest growth rates and the best resistance to creep
crack growth when compared to those with carbides either perpendicular or parallel to the
crack; the latter exhibited the highest crack growth rates.
In summary, the main points of previous kinetics results are:
I.) There is a strong environmental and temperature effect on creep crack
growth rates.
2.) There are two "stages" or regions of crack growth; most of the first
stage data in the literature depended on initial K level and probably
represent a transient or non-steady state response.
3.) Changes in microstructure affected creep crack growth rates.
1.2.2 Fractographic Studies and Mechanistic Considerations
Although one important aspect for the understanding of the material behavior,
kinetic information alone is not sufficient. It is necessary to use additional approaches,
such as fractographic analysis and chemical studies of fracture surfaces to determine the
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environment-material interaction, as well as to postulate and assess possible mechanisms
based on knowledge of materials [2-5,7,11,12,14,15,20,21].
Many fractographic studies have been made of Inconel 718 lipecimens subjected
to creep crack growth in air and vacuum to aid in understanding the crack growth
mechanism [2-5,7,11,12]. Floreen and Kane [5] and Sadananda and Shahinian [12] found
similar fractographic results for creep crack growth in air. Floreen and Kane [5] reported
intergranular failure with some cavities on fracture surfaces of specimens tested in air and
helium at 923 K. Sadananda and Shahinian [12] found smooth intergranular failure at
813, 923 and 1033 K. It has been proposed that creep crack growth in air of Inconel 718
resulting in an activation energy of 197 kJ/mol occurred by grain boundary diffusion of
point defects (vacancies) [4,12]. It was noted that this value is consistent with the
activation energy of 172 kJ/mol for grain boundary diffusion of vacancies in Monel,
another nickel-base superalloy [12]. Stucke et al. [7] observed intergranular failure on
fracture surfaces from tests in vacuum at 811, 872, and 977 K. Fields and Fuller [3]
developed crack growth mechanism maps to help determine different regions of crack
growth mechanisms by plotting K versus temperature for fixed crack growth rates. The
map for Inconel 718, shown in Fig. 2, was plotted for temperatures below 973 K, the
highest usable temperature for this alloy, and K levels below 120 MPa-Ym. High K levels
caused transgranular failure, but intergranular failure occurred at intermediate K levels (20
to 100 MPa-Ym). The authors proposed that grain boundary sliding and wedge-type'
cracking ahead of the crack tip are the main features for this region of the map.
Liu et al. [2] presented a detailed theory on the crack growth mechanism III
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/Inconel 718 based on their fractographic results from creep crack growth experiments in
air at 923 K. The authors observed intergranular failure and microcracks that initiated one
to three grains ahead of the main crack. From these observations, they inferred that crack
growth is a discontinuous process (Floreen [4] also noted discontinuous or "staircase type"
crack growth). The authors proposed that crack growth occurs in three stages. Stage one
is microcrack initiation during which stress concentrates at the grain boundary triple point
ahead of the crack tip. A local area of increased strain energy results to which vacancies
segregate by diffusion. During the second stage, microcrack growth, vayancies diffuse
more quickly to the microcrack tip along the grain boundary which leads to microcrack
growth over time. Finally, the main crack and microcrack join together and macroscopic
creep crack growth occurs. The proposed mechanism, which is based completely on
results of tests in air, however, is that it does not explain the significant difference in
crack growth rates observed in air and vacuum (or inert environments).
Pineau et ai. [11,14, IS] proposed a mechanism involving crack tip oxidation. The
mechanism appears in two forms: one involving short range and the other long range
oxygen diffusion. In the short range oxygen diffusion mechanism, oxygen forms an oxide
layer at the crack tip, possibly causing wedge-shaped intrusions to form along the crack
front, and accelerated intergranular crack growth occurs. In the case of long range oxygen
diffusion, oxygen penetrates the crack tip and diffuses along rapid diffusion paths, slip
planes and grain boundaries. The resulting oxygen segregation, especially along grain
boundaries, inhibits their sliding and migration and, hence, their ability to relieve local
stresses built up during deformation. This process involves microcracking ahead of the
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main crack tip. The role of Po, is believed to be important in determining the formation
of selective oxides of FeO and NiO and their spinals. It was thought that the build up
of these products provides the proper kinetics for the formation of a denser CrZ0 3 oxide
sublayer which limits oxygen diffusion to the grain boundary. The authors used mixed
fatigue and creep loading to verify the above ideas. The results seem to support the
conceptual models, but they do so only indirectly as the authors pointed out.
From the literature data, it is certain that creep crack growth failure occurs
intergranularly in air at temperatures above 923 K and that environment has a significant
role in accelerating crack growth rates. The fact that microcracks occur ahead of the
crack tip leads to the idea that an environment-metal reaction occurs while under tensile
load. Further work is necessary to resolve this fundamental issue. The grain boundary
diffusion mechanism is based solely on vacancy diffusion and cannot explain the
significant effect of environment on crack growth in Inconel 718. The crack tip oxidation
model provides some useful insight into oxygen enhanced crack growth, but the
experimental verification was indirect.
In summary, the main issues from past fractographic and mechanism studies are:
1.) Creep cracks grow intergranularly.
2.) Microcracks form ahead of the crack tip which are related to the crack
growth mechanism and could be caused by a deleterious environment.
3.) Crack tip oxidation and diffusion of oxygen along grain boundaries
may play important roles in creep crack growth enhancement.
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1.2.3 Environment-Material Interaction
Oxidation of nickel and its alloys may increase creep crack growth resistance or
it may cause deleterious embrittlement [13]. Therefore, studies of the kinetics and
mechanisms of oxide formation are important in understanding the kinetics and
mechanisms of creep crack growth. Oxidation and the role of oxides in crack growth in
nickel and its alloys have been extensively studied [20,21,23-26].
It has been known for some time that oxygen promotes the initiation and rapid
propagation of intergranular cracks. Prager and Sines [21] showed this by tensi Ie testing
Rene 41 between 1023 and 1173 K. The authors also discussed the enhancement of crack
growth in relation to the effects of y I and dislocation pile-ups.
Bricknell and Woodford [26] studied the mechanism of grain boundary cavity
formation during high temperature oxidation of nickel. Results from exposing nickel
specimens to air or low oxygen partial pressure environments at 1273 K showed that
cavitation was due to gas formation by a carbon-oxygen reaction caused by oxygen that
diffused through the grain boundaries. Tests showed that cavitation can occur even when
oxygen partial pressures are below those required to form external oxides in nickel.
Several researchers reported a presence of Cr20 3 as a result of oxidation In
numerous nickel-base alloys. The formation of this oxide could be part of the mechanism
for crack growth in nickel-base alloys, including Inconel 718. Pineau et al. [11,14,15]
included the formation of this oxide in their mechanism model. Rhee and Spencer [25]
noticed the formation of CrZ0 3 when they subjected RA 333, a nickel-chromium-base
superalloy, specimens to oxidation for different periods of time in the temperature range
II
1093 to 1366 K. This work showed an activation energy for oxidation of 214 ± 19
kllmol which is very close to a value determined for Hastelloy X (216 ± 17 kllmo!) [25].
Park and Altstetter [20] found an activation energy of 164 kllmol for diffusion in pure
nickel between 1123 and 1673 K using electrochemical techniques. Atkinson [24] and
Christ et al. [23] also found layers of CrP3 and the possibility that the oxidation rate
progressi vely decreases as these layers build up.
The main points of chemical reactions studies of nickel and its alloys in relation
to creep crack growth of Inconel 718 are:
I.) It is likely that grain boundary cavitation is due to gas formation by a
carbon-oxygen reaction caused by diffusion of oxygen along grain
boundaries.
2.) The formation of Cr20 3 and other oxides could be part of the
mechanism of creep crack growth in Inconel 718.
Relating results of chemical reaction studies to the failure of the material on a
microscopic level is, perhaps, the most difficult task of identifying the creep crack growth
mechanism for Inconel 718. This brief review showed that many have contributed to the
building of an understanding of the alloy's crack growth behavior. Much further work is
still needed to develop a better understanding of the kinetics and mechanisms. The next
section describes the objectives for this current work which strives for additional
information on the creep crack growth behavior of Inconel 718.
12
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1.3 Objectives for Present Work
Outstanding issues which past work has not answered are:
1.) Do oxygen and water vapor enhance crack growth?
2.) Is crack growth dependent on gas pressure?
3.) Does the formation of oxides affect the cracking mechanism and which
oxides playa significant role?
This study begins to address these issues through creep crack growth experiments,
fractographic analysis, and environment-material reaction studies on an Inconel 718 alloy.
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Chapter 2
Development of Experimental Apparatus
and Procedure
2.1 Material Preparation
A hot rolled, 3.2 mm thick Inconel 718 alloy plate with chemical composition
shown in Table 1 was used to make compact tension specimens with a 50.8 mm width.
First, the plate was cut into specimen blanks slightly larger than the final dimensions so
the blanks could be heat treated. Figure 3 shows the location of the specimens in the
plate using an L-T orientation.
The goal of heat treating the material was to optimize the microstructure in terms
of maximizing tensile, fatigue, and creep rupture properties [5,8,11,12,27,28]. The
following procedure of solution annealing and step aging was used:
Anneal at 1255 K for I hour, air cool
Age at 1005 K for 8 hours, furnace cool to 894 K at 50 K/hr
Hold at 894 K for 8 hours, air cool
Twelve specimen blanks were treated in air according to the above procedure and SIX
more were treated at a later time. Average hardness of the material after heat treatment
was Rc42.4 and Rc43.9 for the two batches, respectively.
Once the specimen blanks were aged they were machined into compact tension
specimens according to ASTM Designation: E 1457 [29] (see Fig. 4). The starter notches
were cut using electrical discharge machining with a 0.25 mm diameter wire. The knife
edges machined on the notch side of the specimen are for use with an extensometer for
14
crack length measurement, although this method was not employed here. After the
specimens were machined, all critical dimensions were measured and recorded on
specimen data sheets.
2.2 Experimental Apparatus
The creep crack growth experiments required an accurate test system which would
maintain the CT specimen at a constant temperature and consistent environment, apply
a constant force to it, and measure its crack length over time. The high temperature and
environmental requirements complicated many of the other aspects of the test system,
especially crack length measurement. This section describes the experimental apparatus
under the following major topics: the crack length measurement technique, the load
control system and the temperature and environmental control systems.
2.2.1 Crack Length Measurement Technique
It was decided to use the AC potential system for measuring the crack length of
the specimen under creep crack growth conditions since this system has been proven to
be reliable and also has advantages over a DC system [30]. The simple concept of the
potential system takes advantage of the change in the specimen resistance across the
remaining ligament as the crack grows. The schematic of the complete potential system
in Fig. 5 shows that a power amplifier was used as a constant current operational
amplifier to supply the specimen with a constant AC excitation current of approximately
0.95 amperes. A reference frequency of the lock-in amplifier is tuned in to the frequency
15
of the potential (current) signal. The specimen potential signal passes through an isolation
transformer and then enters the lock-in amplifier. There the signal is pre-amplified and
passed through a bandpass filter which straddles the reference frequency. The signal is
then rectified at the reference frequency to "eliminate" the off-reference components and
is then filtered into a DC signal. By this process, only the potential signal at the
reference frequency is passed through the lock-in amplifier. The DC signal is displayed
on a meter and is also available to the test machine computer control and to a 10V DC
jack for direct monitoring with a digital meter or chart recorder. A reference frequency
of 93 Hz was chosen to minimize interference from the line frequency (60 Hz) and its
harmonics [30].
Crack length is related to the potential signal through a normalized calibration
function:
(1)
where a is crack length, W is specimen width, V is the measured specimen potential, and
v 0 is the specimen notch potential. It was necessary to experimentally determine the
above relation. A calibration test specimen was polished to a mirror finish and lines were
scribed 1.27 mm apart perpendicular to the direction of crack growth. Lines were scribed
from a!W :::: 0.275 to a!W :::: 0.65 and the exact position of each scribe line was
determined using an optical microscope.
A 20 KIP MTS closed loop servo-mechanical testing machine was used to load
16
the specimen and extend the crack by fatigue. Each time the crack tip reached one of the
scribe lines, the fatigue loading was interrupted and a replica was taken of the crack tip
and surrounding scribed lines from each face of the specimen. These replicas were
viewed under an optical microscope to accurately measure the position of the crack tip
relative to the scribed lines and, hence, the crack length. The corresponding potential
reading was also recorded for each crack length increment. Following the calibration test,
the specimen was broken. The amount of crack tunnelling was determined from the
fracture surfaces and incorporated into the crack length data. The additional length which
tunneling adds was determined according to ASTM E399 [31]. The final result of each
calibration test was fifteen pairs of data consisting of crack lengths versus potential
readings.
Figure 6 shows a plot of normalized crack length versus normalized potential for
two calibration specimens tested at room temperature. The two sets of data were highly
reproducible and are represented by the following least squares error polynomial:
,
v-v.J (V-V.J2.E.. =0.249 +0.61 __0 -0.093 __0
W Vo Vo
The quality of fit is indicated by an R value of 0.9999.
2.2.2 Load Control System
(2)
A 20 Kip-lO Kip-in capacity closed-loop hydraulic, axial-torsional, MTS machine
was used under axial control to apply load to the CT specimens. The MTS Axial-
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Torsional Test System 809 was run by a Digital Micro PDP-II with a Digital VT240
interface which used a custom written MTSBasic prograt A hydraulic test machine was
selected so that the specimen could be pre-cracked in situ under fatigue before running
the creep crack growth experiment. Figure 7 shows a schematic of the MTS machine
with computer data acquisition, feedback and control.
A computer control program, its flow chart shown In Fig. 8, was written 10
MTSBasic specifically for creep crack growth testing. First, the program prompts the
investigator to input necessary data about the test conditions and the specimen geometry.
It then prompts to check the potential system apparatus and MTS machine settings. Once
the prescribed equipment conditions are met, the control program signals the MTS to
begin pre-cracking the specimen in fatigue at 10Hz with a load ratio of R = 0.1. The
maximum stress intensity factor for pre-cracking, Kmax.' was held lower than the initial K
level for creep crack growth for the last 2 mm of crack growth to minimize the effect of
pre-cracking on the subsequent crack growth. Upon completion of pre-cracking, the
program stopped fatigue loading and maintained a low load to facilitate environmental and
temperature adjustments.
Once steady environmental and temperature conditions were attained, the control
program was signalled to begin the creep crack growth experiment. The control program
read potential, load, and time signals to record all data at fixed crack length increments
of 0.254 mm while constantly monitoring the proper operation of the MTS and potential
system. The program calculated crack length using the potential calibration equation.
Once the chosen final crack length was reached, the control program saved all data to a
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file and lowered the load to permit the investigator to shut down the furnace and bring
the specimen to room temperature.
2.2.3 Temperature and Environmental Control System
An Applied Test Systems, Inc. Series 3910 Retort with Series 2000 Temperature
Control System and Series 3210 Split Tube Furnace was used to control temperature and
environment. The complete retort design and set up on the MTS machine are shown
schematically in Fig. 9. The retort consists of a cylindrical chamber (short dashed lines),
which encloses the load train, and all of the required feed through fittings for potential
and thermocouple wires, cooling tubes, and gas inlet and outlet ports. Cooling is
necessary for the pull rods themselves outside of the heat zone and also for the retort ends
to protect the seals, the load cell and hydraulic grips. Inside the long, cylindrical retort,
a shorter heat zone is maintained using the split tube furnace (long dashed lines) and heat
shields placed toward the outside of each specimen grip. These shields served to
minimize radiative and convective heating of the end caps, which accommodated the feed-
through fittings for potential and thermocouple wires and gas lines. The shields also
minimized convection within the retort.
Access to the specimen grips for specimen mounting and removal is obtained by
sliding the cylindrical body of the retort vertically downward relative to the fixed upper
end cap and grip assembly. The retort is suspended by brackets which contain linear
bearings and slide on a smooth bar which attaches to one of the MTS columns. Figure
10 shows how the retort is configured relative to the MTS and the arrows indicate the
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direction of motion which exposes or encloses the specimen. The bottom pull rod is
attached to the hydraulic ram of the MTS machine and, therefore, the retort must remain
high enough to allow ram movement when mounting or removing the specimen.
Accurate measurement of the specimen temperature was essential for creep crack
growth experiments. The measurement required direct contact between the specimenoand
a thermocouple or thermocouples. Since thermocouples are electrically floating, they
could be spot-welded to the specimen without affecting the potential system. A
temperature uniformity within 2 K was measured by welding three thermocouples along
the height of the specimen. Spot-welding the thermocouples to the specimen proved to
be quite reliable in comparison to positioning the thermocouple tips only in proximity to
the specimen.
Environmental control is the primary aspect of creep crack growth testing in this
work which required the use of the retort; testing in air may be done with a furnace alone.
The environment was maintained by using a flowing gas system which ensured gas purity
and pressure uniformity throughout the experiment. Figure II shows a schematic of the
gas system used for testing in pure oxygen, moist argon and pure argon. The gas train
permitted the supply of high purity gas from either the oxygen or argon tank. Oxygen
was flowed through a molecular sieve to remove residual moisture which might have been
in the tank. Argon was purified by passing it through a Centorr Associates, Inc. Model
2G-100-SS Gettering Furnace. The purified gas was passed directly into the retort. An
additional configuration for testing in moist argon is shown in dashed lines. Using this
option, argon was passed through two consecutive gas diffusers, which were immersed
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in deionized, distilled water, to saturate it with moisture at the water temperature.
The flowing gas system required a method to regulate flow through the retort and
also prevent back diffusion of air. Pressure regulators on the gas tanks were used to keep
a retort pressure above the atmospheric pressure and maintain a steady flow at about 2.5
Uhr. A bubbler configuration placed on the exit side of the retort allowed gas to escape
through the silicone fluid in the glass bubbler tube. This arrangement prevented air from
diffusing back into the retort and, therefore, acted as a back diffusion trap. The first tube
on the bubbler configuration is designed as a trap to prevent back flow of silicone fluid
into the retort should a vacuum exist inside. This trap is included as a safeguard against
unintended evacuation of the chamber.
To maintain a high purity gas system at elevated temperatures, it was necessary
to clean all components which were exposed to the test gas. All components were
cleaned in 1-1 trichloroethane for fifteen minutes and then in acetone for another fifteen
minutes, both in an ultrasonic cleaner. Also, the retort was evacuated and then purged
with the test gas three times before the start of a test to ensure purity of the test
environment. A vane pump was used for evacuating and achieved an absolute retort
pressure of 15 /-lm Hg.
2.3 Experimental Proced ure
The experimental procedure, beginning with a machined test specimen and ending
with a plot of the results, consisted of a series of critical steps. This section outlines
these steps in the following manner: welding of the potential and thermocouple wires,
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running creep crack growth experiments, correction of the calibration equation for high
temperature, and plotting results.
2.3.1 Welding of Potential and Thermocouple Wires
It was necessary to weld wires to the specimens for crack length and temperature
measurement. A 20 gauge nickel-chromium wire was used for the current and voltage
leads, and alumel and chromel wires were twisted together and welded to the specimen
to form a K-type thermocouple. Both thermocouple wires were 0.81 mm in diameter.
Figure 12 shows the locations of where each wire on the test specimen. Only one
thermocouple was used to measure specimen temperature since temperature uniformity
of the specimen was already confirmed. Wires were readily welded to the alloy using a
Unitek spot welder. All wires were abraded and cleaned using acetone prior to welding.
After welding, flexible, braided ceramic sheaths were placed over the wires as
insulation. Then each pair of wires (current, potential and thermocouple) were twisted
together to minimize inductance and noise pick-up. The specimen was cleaned once more
to ready it for mounting. Subsequent handling of the specimen or the inner retort
components was done using rubber gloves and/or cleaned tools.
2.3.2 Procedure for Creep Crack Growth Experiments
Once the specimen was prepared for mounting, it was placed in the specimen grips
using ceramic loading pins to electrically isolate the specimen from the load train. Care
was taken in feeding the potential and thermocouple wires through the top retort cap to
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prevent the welds from breaking. The specimen was mounted to the top grip first while
the bottom grip (the hydraulic ram) was at its bottom limit. Then the lower grip was
raised and the second loading pin was inserted to complete the load train. The specimen
was carefully aligned with the grips to guarantee mode I loading. The potential and
thermocouple wires were connected to the potential system and to a digital thermocouple
reader, respectively, and the wire feed-through seals were tightened. The specimen, once
mounted and electrically connected, was ready for either high temperature notch potential
measurement, which will be described in the next section, or for the creep crack growth
test.
Pre-cracking was performed with the retort open, primarily to allow viewing of the
specimen under fatigue. The retort was then sealed, and the desired temperature and
environment were achieved, taking care to prevent overshooting of the test temperature.
Once the test environment and temperature reached steady state for one half hour, the
program was signalled to begin creep crack growth. The program printed load, potential,
and time data directly to a printer and also to a data file.
Creep crack growth tests were normally run in the range of a!W between 0.35 and
0.65. After creep crack growth tests were complete, specimens were cooled down and
then broken at room temperature to measure the pre-crack and final crack lengths. The
pre-crack and final crack lengths were apparent under an optical microscope because of
the change in fracture mechanism and color between the pre-crack fatigue, the high
temperature creep crack growth and the room temperature rapid fracture. Confirmation
of the crack lengths was necessary to correct the high temperature potential calibration
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equation. The need for this correction and the steps involved are described in the next
section.
2.3.3 Correction of High Temperature Potential Equation
Equation (2), the potential calibration equation, is normalized and, therefore,
should be valid at any temperature as long as the notch potential, Vo, is known. The
notch potential changes with temperature since the resistivity of a material is a function
of temperature. Obviously, the presumption that the equation is valid at all temperatures
is used only with cases of identical specimen geometry. The first creep crack growth
experiment was run using the coefficients in equation (2) and a notch potential measured
at test temperature prior to the experiment. Verification of the pre-crack and final crack
lengths after the test using an optical microscope showed a discrepancy between the crack
lengths predicted by the equation and the actual measured values. It is apparent that the
potential measurements underestimated the crack lengths as a result of "electrical
shorting" across the fracture surfaces near the crack tip. This "electrical shorting"
required adjusting of the potential calibration equation coefficients for each test on the
basis of post-fracture crack length measurements before computing the experimental
results.
The high temperature potential calibration equation was adjusted or recalibrated
using the three measured crack lengths (notch, pre-crack, and final crack) versus their
corresponding potential readings. A second order curve was fit to the normalized data
to be consistent with the room temperature results. Each experimental condition required
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slightly different correction coefficients since the "electrical shorting" phenomena may
have differed over time, temperature and environmental conditions.
2.3.4 Data Analysis Procedure
The creep crack growth data consisted of load, potential and time readings, and
once the potential calibration equation was corrected the data was plotted in a manner to
give it some physical or kinetic meaning. Creep crack growth data was plotted as the
crack growth rate, da/dt, versus K using Jog-log scale.
Values of da/dt were calculated from the corrected data by using a finite-difference
technique. The data from the creep crack growth tests appeared as follows:
VI a l t l PI K)
V2 a2 t2 P2 K2 daldt2V3 a3 t3 P3 K3 da/dt3
daldtn_1
Vn an tn Pn Kn
where V is potential, a is crack length calculated using the corrected potential equation,
t is time, P is load, and K is stress intensity factor. The crack growth rates, da/dt, were
calculated using the following formula:
an+ l -an- l
tn+ l -tn- l
(3)
This method of calculating crack growth rate was chosen over other data smoothing
methods to minimize the potential for bias. By using alternate points (ie., a
n
+
l
, an_I)' it
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was possible to acquire additional data while retaining variability in the crack rate data
to an acceptable level [32]. Stress intensity factor, K, was calculated using an in the
following formula [33]:
K- P 2+afW (O.886+4.64(afW)-13.32(afW)2+14.72(afW)3-S.6(afW)4) (4)
BW1/2 (l-afW)3J2
All variables in equation (4) are defined above except B which is the specimen thickness.
Since all variables were either fixed or held constant as in the case of P, K varied only
as a function of crack length. Therefore, as crack length increased, K also increased
according to equation (4).
2.4 Fractography and Surface Analysis
Characterization of the fracture surface morphology was made by using an ETEC
Autoscan scanning electron microscope (SEM) operated at 20 kV, with working distances
of 15 to 25 mm. The specimens were tilted 8 to 15 degrees about an axis parallel to the
direction of crack growth. SEM was used to view whole specimen halves as opposed to
cutting up the halves into smaller sections.
Surface analysis was carried out using ultra-high vacuum (DRV) x-ray
photoelectron ~trosCOpy (XPS). Measurements were made with a Scienta ESCA300
equipped with an; aluminum rotating-anode monochromator operating at 7.3 kW. The
I
instrument was used in "spatial" mode and provided an approximate sample analysis area
of 40 x 80 pm. Grain boundary segregation experiments were performed using specimens
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which were cut from stress free areas on previously tested CT specimens. The specimens
were exposed to electrolytic charging of hydrogen in an IN H2S04 solution (with 0.25
mg/l of NaAs02 added as a hydrogen recombination poisoning) at 400 mA/cm2 at room
temperature for five weeks to ensure intergranular fracture when they were broken in situ.
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Chapter 3
Results
Creep crack growth experiments were performed on the Inconel 718 compact type
specimens according to the test matrix shown in Table 2. Results are summarized in this
chapter under the major categories of kinetics, fractographic studies, and x-ray
photoelectron spectroscopy (XPS).
3.1 Kinetics
Creep crack growth kinetics (da/dt vs K) are presented at fixed temperatures in
various environments and in given environments at different temperatures to show the
effects of temperature and environment on Inconel 718 alloy. Figure 13 shows the kinetic
results for specimens tested at 973 K in air, oxygen, moist argon, and pure argon,
including a range of oxygen pressures. Figures 14 and 15 are the corresponding plots for
923 and 873 K in oxygen and moist argon. Figures 16 and 17 show the results for pure
oxygen and moist argon, respectively, in relation to temperature.
The kinetic results shown in Figs. 13-17 have a common shape with a curved
region below K-28 MPa-Ym followed by an essentially linear region at higher K levels in
these log-log plots. The initial curved region at the lower K levels is, in fact, a transient
response which does not truly characterize the material's steady state cracking behavior.
There is no unique relationship between K and crack growth rate in this region, which is
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shown clearly by two sets of data for air in Fig. 18. Different initial K levels produced
different rates in the transient region until both curves meet to follow the same path at
higher K levels. The linear region at higher K levels represents steady state crack growth.
Comparison of the effects of oxygen and moist argon at 873, 923, and 973 K, as
seen in Figs. 13-15, indicates that the environmental enhancement of crack growth
changed with temperature. Crack growth data at 873 and 923 K were obtained for only
oxygen and moist argon environments due to the limited number of specimens. At 973
K, steady state crack growth rates are about two times faster in oxygen than in moist
argon. Crack growth rates are nearly the same for the two environments at 923 K. At
873 K, crack growth rates in moist argon are now much faster, being nearly three times
those in oxygen. The difference in temperature response of crack growth in oxygen and
moist argon may reflect either a difference in rate controlling processes or in the
deleterious species (oxygen versus hydrogen) for crack growth enhancement. This issue
is elaborated further in the next section.
Temperature strongly affected crack growth rates in oxygen and moist argon, as
seen in Figs. 16 and 17. The data indicate that the K dependence for each environment
was not affected by temperature. Therefore, the relationship between steady state crack
growth rate and stress intensity factor at fixed temperature may be expressed by the
following power law:
(5)
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where A is a temperature dependent coefficient, K is stress intensity factor, and the
exponent, n, represents the slope on the log-log plot of daldt versus K. The exponent, n,
for pure oxygen and moist argon environments was 1.62 and 1.23, respectively.
A semi-logarithmic plot of crack growth rate versus inverse temperature shows that
the temperature dependence of crack growth followed an Arrhenius relation (see Egn. 6)
in each environment (Fig. 19).
da=CexJ -Q]
dt 1RT
(6)
where C is a constant, Q is the activation energy, R is the universal gas constant, and T
is absolute temperature.
Activation energies for oxygen and moist argon were determined to be 287 ± 46
kllmol and 191 ± 77 kllmol, respecti vely, at 95% confidence level. The value for moist
argon compared well with the value of 197 kllmol for air reported by Floreen [4J and
Sadananda and Shahinian [12J. The activation energy for crack growth in each
environment helps to identify the rate controlling process for crack growth in a given
environment. Possible rate controlling processes are discussed in the next chapter.
Oxygen data at 973 K indicate that oxygen pressure does not influence crack
growth rates for pressures between 2.67 to 100 kPa (see Fig. 13). Figure 20 illustrates
this result differently in a log-log plot of crack growth rate versus the partial pressure of
oxygen for a fixed K level. The solid horizontal line through the data over the pressure
range used indicates oxygen pressure independence. The dashed line represents a
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probable steep drop in crack growth rate for very low pressures. The pure argon data
point was added to this plot to emphasize the significant role of environment on crack
growth rate.
3.2 ..Fractographic Studies
Figure 21 shows color photographs of fracture surfaces from tests in oxygen, moist
argon, and argon, respectively. All the specimens were tested at 973 K except the one
shown in Fig. 21 (c) which was tested first in oxygen at 873 K and then in argon at 973
K. There is a substantial difference in color between fracture surfaces produced in the
different environments. The color of the fracture surface in oxygen at 973 K (Fig. 21 (a))
ranges from golden to light blue, and that for moist argon (Fig. 21(b)) is dark blue. The
color change is not necessarily related to the time exposed to the test environment.
Fracture surfaces are nearly black for the test in argon (Fig. 21(c)) even though the partial
pressure of oxygen was very low (estimated to be -lxlO- 11 kPa), while the oxygen
segment of the fracture surface at 873 K on the same specimen is bronze in color. The
oxygen segment fracture surface was exposed to test environments longer than the argon
segment, yet it appears "cleaner". The reason for the difference in color for the specimens
fractured in different environments is unclear. The color changes may be the result of
varying oxidation products and their thicknesses in the different environments. Further
work is needed to resolve this issue.
Scanning electron microscopy (SEM) studies were performed on all fracture
surfaces of the crack growth specimens. The microfractographs show that creep cracking
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was intergranular in all environments and temperatures. A microfractograph of a
specimen tested in aIr (Fig. 22) shows the difference between transgranular and
intergranular failure. Figure 22(a) shows a change from intergranular failure produced by
creep crack growth to transgranular failure caused by rapid fracture of the specimen at
room temperature. Figure 22(b) shows intergranular failure in greater detail at a higher
magnification. Typical grain boundary facets contained niobium carbides and other fine
particles (presumably, M23C6 type carbides).
Figure 23 shows micrographs from experiments in 100 kPa oxygen at 973 and 873
K. The fracture at 973 K (Figs. 23(a) and (b» was intergranular and the fracture surface
is very clean, with some NbC carbides present. Slightly different fracture surface
morphology was seen on the specimen at 873 K (Figs. 23(c) and (d». Cracking was
again intergranular, but the facets appear rougher, with needle-like features on the facet
surfaces. The needle-like features can be seen at higher magnification (Fig. 23(d». The
composition of these needle-like objects was not determined in this work.
Oxygen pressure had no apparent effect on the fracture surface morphology, which
is consistent with the pressure independence for crack growth rates. Fracture surfaces of
specimens tested at 20 and 2.7 kPa are shown in Fig. 24. There is no visible difference
between these specimens and the one tested in 100 kPa oxygen.
Fractographic studies of specimens tested in moist argon also showed intergranular
failure, with NbC carbides as well as some distinct features, as shown in Figs. 25, 26, and
27. Figure 25 shows that the fracture surfaces at 873 K and K ~20 MPa-lm contain
densely populated tiny particles as well as fewer, but larger, particles. The densely
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populated tiny particles could have formed during crack growth, after crack growth and
while at high temperature, or upon cool down due to the moisture in the retort. The later
is unlikely since the retort was evacuated as soon as the final crack length was reached.
Figure 26 shows the same specimen at K-50 MPa'-'m, and the larger particles appear to
be fewer in number.
The fracture surface morphology for the specimen tested in moist argon at 973 K
differed slightly from that at 873 K. The larger NbC particles were absent while the
densely populated, smaller particles were still present. Some facet surfaces, however,
appear to be free of any of these smaller particles as with the tests in air and oxygen at
973 K.
The fracture surface morphology in pure argon was significantly different from
those in the other environments. Figure 28 shows that, while the material fractured
intergranularly, the boundary surfaces were covered with densely packed cavity-like
features approximately 0.5 Jlm in diameter. This difference indicates a change in crack
growth mechanism caused by the absence of deleterious environments, such as oxygen
and water vapor.
3.3 XPS Analysis
In a joint study of the surface chemistry with the University of Maine, it was
found that niobium can be significantly enriched on free surfaces at temperatures above
773 K [34]. It was thought that niobium may also segregate on the grain boundaries of
crack growth speci mens because commercial Inconel 718 is aged at 1005 K for 8 hours
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and at 894 K for 8 hours.
Figure 29 is an SEM micrograph of the charging specimen after it was broken,
showing mainly intergranular separation with a small amount of transgranular cracking.
Table 3 includes the results of the analysis of grain boundary composition of the principal
alloying elements as compared to the bulk composition of the alloy. A significant
increase in the atomic percent of niobium was indeed detected on the grain boundaries
in comparison to the bulk composition. This grain boundary segregation of niobium may
play an important role in the enhancement of crack growth and will be considered in the
discussion chapter.
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Chapter 4
Discussion
The objective of this chapter is to consider the meaning and significance of the
results presented in Chapter 3. The discussion focuses first on issues which the results
show directly. Then the results are interpreted to present mechanistic considerations for
environmentally enhanced creep crack growth in the Inconel 718 alloy.
4.1 Significance of Environmental Effect and Possible Role of Niobium
in Enhancing Crack Growth
Experimental work presented in the previous chapter indicated a significant effect
of environment on creep crack growth rates and fracture surface morphology. A summary
of the main findings is given as follows:
I.) Air, oxygen, and water vapor caused a four orders of magnitude
increase in crack growth rates compared to rates in pure argon.
2.) There was no oxygen pressure dependence for creep crack growth at
973 K with pressures between 2.67 and 100 kPa.
3.) The temperature dependence of crack growth followed an Arrhenius
relationship with activation energies of 287 ±46 kJ/mol and 191 ± 77
kJ/mol for oxygen and water vapor, respectively.
4.) Fracture surface morphology changed from grain boundary cavitation
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in argon to intergranular fracture in air, oxygen, and water vapor.
5.) There was a significant segregation of niobium at the grain boundaries
following heat treatment and on ion-sputter cleaned single crystal
surfaces at temperatures above 773 K [34]. Segregation of niobium on
the fracture (grain boundary) surfaces of specimens tested between 873
and 973 K was also noted.
The implications of these findings are discussed below.
The large difference in crack growth rates In argon compared to all other
environments and the predominantly intergranular (IG) mode of failure in these
environments imply that oxygen is the primary species to cause grain boundary
embrittlement. The similarity in crack growth rates for air and oxygen, including oxygen
pressures as low as 2.67 kPa, provides support for this position. Because water vapor
produced comparable increases in crack growth rate and IG separation, hydrogen cannot
be ruled out as a deleterious species for tests in air and water vapor. The fact that crack
growth rates in water vapor were lower or equal to rates in oxygen at 973 and 923 K, but
higher at 873 K, suggests differences in the embrittlement specieslmechanism and in the
rate controlling process between oxygen and water vapor.
The difference in rate controlling process is suggested by the difference in
activation energies calculated for crack growth in oxygen (287 kJ/mol) and in water vapor
(191 kJ/mol), the latter being comparable to that obtained by others (197 kJ/mol) for creep
crack growth in air [4,12]. Based on the activation energies they measured, these authors
had suggested crack growth by either a pure, point-defect diffusion controlled process [4]
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or a balance of two competing processes: namely, diffusion of point defects and creep
deformation [12]. Both of these suggested processes failed to account for the
environmental enhancement of creep crack growth by the deleterious species, and are,
therefore, unacceptable. An alternative suggestion is that crack growth is controlled by
grain boundary oxygen diffusion [14,15]. An indirect measurement showed that the
activation energy for oxygen diffusion along grain boundaries in nickel is about 160
kllmol [20]. However, Lu et al. [35] demonstrated that, for diffusion control, the
activation energy for crack growth would be one half of the activation energy for
diffusion, i.e., Qdiff12, or about 80 kllmo\. This value is much smaller than the activation
energies (191 to 287 kllmol) for crack growth which argues against a diffusion controlled
process.
Comparison of the activation energy for crack growth in pure oxygen (287 kllmol)
with those calculated for oxidation of several nickel-base superal10ys (250-500 kJ/mol)
as shown in Fig. 30 [36], suggests that crack growth in Inconel 718 in oxygen is
controlled by a process involving the formation of oxides and by a comparable process
in water vapor. Further studies are needed to identify the actual rate controlling process
because of the difference in activation energies in oxygen and in water vapor, and because
of the fact that grain boundary chemistry is quite different from that of the bulk [34].
XPS studies of the segregation of niobium on grain boundaries suggest that
niobium may play an important role in environmentally enhancing creep crack growth in
Inconel 718. Two relevant issues which must be differentiated are: (1) Does the
segregation of niobium in itself embrittle grain boundaries? or (2) Does niobium
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embrittle grain boundaries only in the presence of oxygen? These issues are discussed
in section 4.4.
4.2 Semi-empirical Model for Creep Crack Growth
Although development of a mechanistic model for creep crack growth is not in the
scope of this work, formulation of a semi-empirical or deterministic model is presented
here. The model is based on observations of this study and also the literature data.
It was shown in Chapter 3 that creep crack growth in oxygen and moist argon is
thermally activated and follows the Arrhenius relationship:
cia J -Q]dt =cex1RT (6)
where C is a K-dependent constant, Q is the activation energy, R is the universal gas
constant, and T is absolute temperature. It was also shown that the K-dependence of
crack growth rates at constant temperature may be expressed by a power law. By setting
(5)
where K is the stress intensity factor and n is a temperature independent exponent, the
following relationship is obtained:
(7)
38
where A is constant independent of K and T but dependent on the environment. Equation
(7) is a more general form which characterizes mechanical and chemical effects on creep
crack growth crack rates. The term, exp[-Q/RT], reflects the temperature dependence of
the environmental contribution which is determined by the rate controlling process, and
is assumed to be independent of the mechanical driving force. The values of the
activation energies, Q, and the exponents, n, were each determined from three sets of data
for each environment. The value of A for each environment was determined from the 973
K data to check if the model fits the other data.
It is proposed that equation (7) may be used to determine steady state crack
growth rates for temperatures between 873 and 973 K. Figures 31 and 32 show steady
state data with individually fitted curves (solid lines) and the curves calculated by
equation (7) (dashed lines) for oxygen and moist argon, respectively. The figures show
that the model reasonably fits the data, but more data are necessary to refine values for
Q, n, and A. It is recognized that a mechanistic model is necessary to aid in the
characterization of the stochastic nature of creep crack growth and in the identification
and quantification of the influences of key variables. Some of these variables are the
concentration of niobium on grain boundaries, surface composition, partial pressure of
oxygen and the orientation of the microstructure. This information will be used in the
design of subsequent experiments.
4.3 Oxygen Damage Zone
Testing the specimen in oxygen at 873 K and then in argon at 973 K revealed
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information on the length of a damage zone caused by the presence of oxygen. Loading
the specimen in argon to the same K level at which the oxygen test was interrupted
caused immediate crack growth. The growth rate, however, decreased rapidly and
approached zero. To enforce further crack growth, the load was increased by 20 percent.
Once again, the crack grew immediately but then decreased rapidly down to a slower,
steady state crack growth, as illustrated in Fig. 33. The more rapid initial crack growth
suggested the existence of a damaged zone ahead of the crack tip, produced by the prior
testing in oxygen. The length of this oxygen damage zone was estimated to be 1 mm.
This large oxygen damage zone strongly suggested that oxygen had diffused well ahead
of the crack tip during creep crack growth.
4.4 Mechanistic Considerations
Two possible mechanisms for lG creep crack growth are: (1) cavitation enhanced
by a carbide-oxygen reaction and (2) grain boundary embrittlement by oxidation of
surface elements (e.g., niobium). Obviously, the actual creep crack growth mechanism
may involve competition between these two processes. Results of this study suggest that
the second mechanism predominates in the case of lnconel 718. Although crack growth
rate did not depend on oxygen pressure for pressures between 2.67 and 100 kPa, it was
shown that oxygen diffuses well ahead of the crack tip to create a damaged zone.
Perhaps the concentration of oxygen ahead of the crack tip reached a saturation point for
the pressures tested and, hence, no pressure dependence was observed. The diffusion of
oxygen caused a significant increase in creep crack growth rates, but the absence of
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cavities on fracture surfaces in oxygen discounts a major role for carbide-oxygen reactions
in the creep crack growth mechanism. Therefore, the smooth IG fracture probably
resulted from the oxidation of surface elements which'is consistent with the activation
energies determined in this study.
It is proposed that the segregation of niobium on grain boundaries and its
oxidation playa major role in the enhancement of creep crack growth. Results of this
study and literature data on similar nickel-base superalloys indicate that the presence of
niobium might embrittle grain boundaries, even in inert environments. Rene 95 and
Astroloy have similar chemical compositions except Rene 95 contains niobium and
tungsten whereas Astroloy does not (Table 4). Figure 34 (a) shows that creep crack
growth rates in Rene 95 in air and argon were greater than those in Astroloy for the
respective environments [37]. Figure 34 (b) shows data of several nickel-base superalloys
and it appears that the crack growth rates for the alloys containing niobium were
increased significantly more than those without niobium (Astroloy and In-l00) [38]. It
is uncertain, however, whether or not the inert Astroloy data is included in the band of
inert environment data. Therefore, the role of niobium in enhancing creep crack growth
in deleterious or inert environments is still unclear.
The fact that creep crack growth rates in Astroloy, a niobium free alloy, increased
in air (Fig. 34 (a)) does not exclude niobium from playing a role in the environmental
enhancement of crack growth rates. Growth rates in Astroloy may have increased in
deleterious environments due to a carbide-oxygen reaction (Cr23C6+02). Niobium
containing alloys such as Rene 95 and Inconel 7 I 8 probably exhibited environmental
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enhancement of crack growth rates as a result of the oxidation of surface elements, such
as niobium. Future studies of the effect of grain boundary niobium on creep crack growth
in inert and deleterious environments are suggested.
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Chapter 5
Summary and Future Work
5.1 Summary
1.) Experimental apparatus and a procedure were developed for creep crack growth
testing of Incone! 718 in pure gaseous environments at several temperatures and pressures.
2.) Air, oxygen, and water vapor caused an increase in crack growth rate by four
orders of magnitude when compared to that in argon. Oxygen and possibly hydrogen are
the embrittling species for the environmental enhancement of creep crack growth.
3.) Crack growth exhibited a transient region before reaching steady state, with
the steady state growth rate following a power law relationship with K.
4.) Crack growth was thermally activated with activation energies of 191 kJ/mol
in water vapor and 287 kJ/mol in pure oxygen.
5.) A semi-empirical model which closely represents the data was presented. The
model describes the crack growth response as a function of stress intensity factor and
temperature.
6.) Cracking was intergranular for all test conditions, with cavity-like features
evident only in pure argon.
7.) Oxygen diffused through the material ahead of the crack tip to create a damage
zone approximately I mm long.
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8.) XPS analysis of an intergranular fracture surface showed significant enrichment
of niobium at the grain boundary, with concentration about four times higher than in the
bulk. Data from the this study supports the idea that segregation of niobium to grain
\
boundaries is a major factor in the mechanism for creep crack growth.
9.) Results from this study and from literature data indicate that niobium may play
an important role in the enhancement of creep crack growth in deleterious or inert
environments.
5.2 Future Work
There still is not enough ·information on environmentally enhanced creep crack
growth behavior in Inconel 718. This work has contributed to existing knowledge,
especially through testing in pure environments and partial pressures and also through the
chemical analysis of intergranular fracture surfaces. This work has also opened many
avenues with which further work may result in a better understanding of crack growth
behavior in the alloy.
Continued efforts in creep crack growth experiments (including wider ranges of
temperature and also duplicate tests), fractography, and chemical analysis of specimen
fracture surfaces will provide more complete information on the issues which this work
has merely uncovered. Also, the studies on the effect that niobium has on actual creep
crack growth must be determined. Performing tests on ternary alloys, with and without
niobium, will help discern the roles of this element in the alloy. In addition, the needle-
like features on the 873 K oxygen fracture surface and the particles on the moist argon
44
surfaces must be studied in more detail.
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Chemical Composition of Inconel 718
Element Specified wt. % Measured wt. %
Carbon 0.08 maximum 0.066
Manganese 0.35 maximum 0.26
Phosphorous O.oI5 maximum 0.011
Sulfur 0.015 maximum 0.005
Silicon 0.35 maximum 0.19
Nickel 50.0 - 55.0 53.68
Chromium 17.0 - 21.0 18.12
Molybdenum 2.80 - 3.30 2.93
Copper 0.30 maximum 0.026
Boron 0.006 maximum 0.0036
Aluminum 0.20 - 0.80 0.42
Cobalt 1.00 maximum 0.40
Iron Remainder 18.04
Titanium 0.65 - 1.15 0.98
Niobium 4.75 - 5.50 4.85
Table 1: Chemical composition of Inconel 718 alloy used for creep crack
growth testing.
46
_ •••••••••---------••- ZW•••
973 K
Air
Pure Argon
Moist Argon
2.67 kPa Pure O2
20 kPa O2 in Ar
100 kPa Pure 02
Table 2: Test matrix for creep crack growth experiments.
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Ni Cr Fe Nb Mo AI Ti C
II Bulk composition 52.8 21.1 18.6 3.0 1.7 0.9 J.I 0.3
Grain boundary 53.7 15.8 12.8 13.4 4.3
composition
55.1 18.7 12.5 9.7 3.9
48.1 20.9 18.2 9.2 3.6
46.1 21.5 15.4 11.6 5.4
43.2 18.3 17.2 15.9 5.3
48.6 17.9 13.9 13.8 5.8
I Average II 49.1±5.3 I 18.9±2.9 I 15.0±2.9 I 12.3±3.4 I 4.7±I.1 I
Table 3: Grain boundary compositions (at%) of a specimen fractured in-
situ compared to the nominal composition. Only major elements
were analyzed for grain boundary composition.
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Ni Cr Co Mo W Al Ti Fe Nb
Rene 95 61.0 14.0 8.0 3.5 3.5 3.5 2.5 0 3.5
Astro1oy 55.0 15.0 17.0 5.3 0 4.0 3.5 0 0
Table 4: Comparison of the chemical compositions (wt%) of Rene 95 and
Astroloy.
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Figure 4: Drawing of compact tension specimen used for creep crack
growth experimentation (all dimensions in millimeters).
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Figure 5: Diagram of the AC potential system.
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Figure 6: Normalized plot of crack length versus specimen potential for
two calibration experiments.
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Figure 7: Schematic of interaction between the MTS, MTS controller,
and the Digital computer.
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Figure 8: Flow chart of custom written computer program which ran
creep crack growth tests.
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Figure 10: Schematic showing how the retort can be moved to enclose or
expose the specimen.
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Figure 13: Creep crack growth results for experiments at 973 K including
data from Floreen [4].
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Figure 14: Creep crack growth results for experiments at 923 K including
data from Sadananda and Shahinian [12].
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Figure 15: Creep crack growth results for experiments at 873 K.
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Figure 16: Creep crack growth results for experiments in oxygen.
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Figure 17: Creep crack growth results for experiments in moist argon.
66
Inconel 718 Alloy
Air
T=973K
10-4 '-----------''-----...J......_-1_---l..._...l....----I----l...---l...--.J
101
K (MPa~m)
Figure 18: Creep crack growth results for experiments in air.
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Figure 19: Arrhenius plot of crack growth rate for this work and also
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Figure 21: Photographs of fracture surfaces of specimens tested in (a)
oxygen at 973 K, (b) moist argon at 973 K, and (c) oxygen at
873 K and then argon at 973 K.
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Figure 22: SEM micrographs of fracture surface in air at 973 K with
K-65 MPa-Ym: (a) final crack region showing intergranular
creep crack growth (A) then rapid fracture from breaking
specimen (B), and (b) intergranular fracture.
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Figure 23: SEM micrographs of fracture surfaces in 100 kPa oxygen at
973 K [(a), (b)] and 873 K [(c), (d)]: (a) T=973 K, K-20
MPa-Vm; (b) Region A in (a); (c) K-65 MPa-Vm; and (d)
Needle-like features shown by high magnification.
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Figure 24: SEM micrographs of fracture surfaces in oxygen partial
pressures at 973 K: (a) 20 kPa, K-50 MPa~m; and (b) 2.67
kPa, K-50 MPa~m.
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Figure 25: SEM micrographs of surfaces in moist argon at 873 K. (a)
K~20 MPa-Ym; (b) Region A in (a); (c) Region B in (b) with
unknown particles indicated by C; and (d) Mating surface of
(c).
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Figure 26: SEM micrographs of surfaces in moist argon at 873 K. (a)
K-50 MPa"m; and (b) Region A in (a).
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Figure 27: SEM micrographs of fracture surface in moist argon at 973 K.
(a) K~20 MPa~m; and (b) K~50 MPa~m.
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Figure 28: SEM micrographs of surface in pure argon at 973 K: (a) K -50
MPa~m (view includes intergranular fatigue fracture); and (b)
Region A in (a).
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Figure 29: SEM micrograph of fracture surface from electrolytically
hydrogen charged specimen.
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Figure 30: Arrhenius plot for the oxidation of several nickel-base
superalloys with activation energies between 250 and 500
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Figure 31: Plot showing steady state crack growth data along with
individually fitted lines (solid) and the lines from the semi-
empirical model (dashed) for oxygen.
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Figure 32: Plot showing steady state crack growth data along with
individuaIIy fitted lines (solid) and the lines from the semi-
empirical model (dashed) for moist argon.
81
0.65 ,-----------------------.
Inconel 718 Alloy
Pure Argon
0.64 e--
- Damage zone length
0.63 -
o
o
o 0
o
o
o I~Steady state
o
~ Increased load
o
o
0.60 - '10> Inintial load
0.61 -
0.62 -
800
0.59 l-_----1I ..I-1 __L.-I_---lI__----l.1 L-'_---.lI__--.J
o 100 200 300 400 500 600 700
t (h)
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Figure 34: Creep crack growth data of (a) Rene 95 compared to Astroloy
Inconel 718 [37] and (b) Astroloy compared to several other
nickel base superalloys [38].
83
References
1. Chang, M., Au, P., Terada, T., and Koul, A.K., "Damage Tolerance of Alloy 718
Turbine Disc Material", Superalloys 1992, Antolovich, S.D., Stusrud, RW., MacKay,
RA., Anton, D.L., Khan, T., Kissinger, R.D., and Klarstrom, D.L., Eds., The
Minerals, Metals & Materials Society, 1992.
2. Liu, C.D., Han, Y.F., Yan, M.G., and Chaturvedi, M.C., " Creep Crack Growth
Behavior of Alloy 718", Superalloys 718, 625 and Various Derivatives, Loria,
Edward A., Ed., The Minerals, Metals & Materials Society, 1991.
3. Fields, RJ. and Fuller, Jr., E.R., "Crack Growth Mechanism Maps", Advances in
Fracture Research, Fracture 81, Vol. 3, Francois, D., Ed., Pergamon Press, New York,
1982.
4. Floreen, S., "The Creep Fracture of Wrought Nickel-Base Alloys by a Fracture
Mechanics Approach", Metallurgical Transactions A, Volume 6A, September, 1975,
pp 1741-1749.
5. Floreen, S. and Kane, RH., "An Investigation of the Creep-Fatigue-Environment
Interaction in aNi-Base Superalloy", Fatigue of Engineering Materials and Structures,
Vol. 2, 1980, pp 401-412.
6. Landes, J.D. and Begley, lA., "A Fracture Mechanics Approach to Creep Crack
Growth", Mechanics of Crack Growth, Proceedings of the Eigth National Symposium
on Fracture Mechanics, ASTM STP 590, 1974, ppI28-148.
7. Stucke, M., Khobaib, M., Majumdar, B., and Nicholas, T., "Environmental Aspects
in Creep Crack Growth in a Nickel Base Superalloy", Advances in Fracture
Research, (Fracture 84), Vol. 6, December 1984, pp 3967-3975.
8. Nicholas, T. and Weerasooriya, T., "Hold-Time Effects in Elevated Temperature
Fatigue Crack Propagation", Fracture Mechanics, Seventeenth Volume, Underwood,
lH., Chair, R., Smith, C.W., Wilhem, D.P., Andrews, W.A., and Newman, lC., Eds.,
American Society for Testing and Materials, 1986, pp 169-184.
9. Weerasooriya, Tusit and Nicholas, Ted, "Overload Effects in Sustained-Load Crack
Growth in Inconel718", Fracture Mechanics, Eighteenth Symposium, Read, D.T., and
Reed, R.P, Eds., American Society for Testing Materials, 1988, pp 181-191.
84
10. Petrovich, A., Bessler, W., and Ziegler, W., "Interactive Effects of High and Low
Frequency Loading on the Fatigue Crack Growth of Inconel 718", Fracture
Mechanics, Seventeenth Volume, Underwood, J.H., Chair, R., Smith,C.W., Wilhem,
D.P., Andrews, WA., and Newman, lC., Eds., American Society for Testing and
Materials, 1986, pp 169-184.
11. Diboine, A., and Pineau, A., "Creep Crack Initiation and Growth in Inconel 718
Alloy at 650 DC", Fatigue and Fracture of Engineering Materials and Structures, Vol.
10, No.2, 1987, pp 141-151.
12. Sadananda, K., and Shahinian, P., "Creep Crack Growth in Alloy 718", Metallurgical
Transactions A, Volume 8A, March 1977, pp 439-449.
13. Sadananda, K., and Shahinian, P., "Crack Growth Behavior in Alloy 718 at 425 DC",
Journal of Engineering Materials and Technology, Vol. 100, October 1978, pp 381-
387.
14. Andrieu, A., Ghonem, H., Pineau, A., "Two-Stage Crack Tip Oxidation Mechanism
in Alloy 718", Elevated Temperature Crack Growth, ASME, Materials Division, Vol.
18,1990,pp25-29.
15. Andrieu, E., Molins, R., Ghonem, H., and Pineau, A., "Intergranular Crack Tip
Oxidation Mechanism in a Nickel-Based Superalloy", Materials Science and
Engineering, A154, 1992, pp21-28.
16. Riedel, H., and Rice, J.R., "Tensile Cracks in Creeping Solids", Fracture Mechanics,
Proceedings of the Twelfth National Symposium on Fracture Mechanics, ASTM STP
700,1979, pp 112-130.
17. Riedel, Hermann, Fracture at High Temperatures, Materials Research and
Engineering, Springer-Verlag Berlin, Heidelberg, 1987.
18. Yin, H., Gao, M., Wei, R.P., "Deformation and Subcritical Crack Growth under Static
Loading", Materials Science and Engineering, A119, 1989, pp 51-58.
19. Moddeman, William E., Craven, Stephen, M., and Kramer, Daniel P., "Ni}Nb Alloy
Species in Oxide Surfaces of Inconel 718", Metallurgical Transactions A, Volume
17A, February 1986, pp 351-355.
20. Park, Jong-Wan, Altstetter, Carl, l, "The Diffusion and Solubility of Oxygen in Solid
Nickel", Metallurgical Transactions A, Volume 18A, January 1987, pp 43-50.
85
21. Prager, M., and Sines, G., "Embrittlement of Precipitation Hardenable Nickel-ase
Alloys by Oxygen", Journal of Basic Engineering, Transactions of the ASME, June
1971, pp 225-230.
22. Floreen, S., in Superalloys II, Sims, C.T., Stoloff, N.S., and Hagel, W.C., Eds., John
Wiley & Sons, Inc., New York, 1987.
23. Christ, H.I., Berchtold, L., and Sockel, H.G., "Oxygen of Ni-Base Alloys in
Atmospheres with Widely Varying Oxygen Partial Pressures", Oxidation of Metals,
Vol. 26, Nos. 1/2, 1986, pp 45-76.
24. Atkinson, H.V., "A Review of the Role of Short-Circuit Diffusion on the Oxidation
of Nickel, Chromium, and Nickel-Chromium Alloys", Oxidation of Metals, Vol. 24,
Nos. 3/4, 1985, pp 177-197.
25. Rhee, S.K. and Spencer, A.R., "Oxidation of Nickel-Chromium-Base Alloy - RA
333", Oxidation of Metals, Vol. 7, No.1, 1973, pp 71-76.
26. Bricknell, R.H. and Woodford, D.A., "The Mechanism of Cavity Formation During
High Temperature Oxidation of Nickel", Acta Metallurgica, Vol. 30, No.1, 1982, pp
257-264.
27. Wolf, l and Brown, Jr., W.F., Eds., Aerospace Structural Metals Handbook, Vol. 4,
Mechanical Properties Data Center, Belfour Stulen, Inc., Traverse City, Mi, 1972.
28. Sharpe, Jr., W.N. and Lee, U., "Near Tip Crack Displacement Measurements During
High Temperature Fatigue", Fracture Mechanics. Seventeenth Volume, ASTM STP
905, Underwood, lH., Chait, R., Smith, C.W., Wilhelm, D.P., Andrews, W.A., and
Newman, lC., Eds., American Society for Testing and Materials, Philadelphia, 1986,
pp 253-264.
29. ASTM E1457 92, 1992 Annual Book of ASTM Standards, Section 3, Vol. 3.01,
Fazio, P., Fisher, D., Gutman, E., Hsia, c., Kauffman, S., Kramer, J., and Lane, M.,
Eds.
30. Wei, R.P, Brazill, RL, "An Assessment of A-C and D-C Potential Systems for
Monitoring Fatigue Crack Growth", Fatigue Crack Growth Measurement and Data
Analysis, ASTM STP 738, Hudak, Jr., S.1., and Bucci, R.I., Eds., American Society
for Testing and Materials, 1981, pp 103-119.
31. ASTM E399 92, 1992 Annual Book of ASTM Standards, Section 3, Vol. 3.01, Fazio,
P., Fisher, D., Gutman, E., Hsia, C., Kauffman, S., Kramer, l, and Lane, M., Eds.
86
32. Wei, R.P, Wei, W., and Miller, GA., "Effect of Measurement Precision and Data
Processing Procedures on Variability in Fatigue Crack Growth Rate Data", Journal
of Testing and Evaluation, Vol. 7, No.2, 1979, pp 90-95.
33. Srawley, lE., "Wide Range Stress Intensity Factor Expressions for ASTM E399
Standard Fracture Toughness Specimens", International Journal of Fracture, Vol. 12,
1976, pp 475-476.
34. Pang, XJ., Dwyer, DJ, University of Maine, Gao, M, Valerio, P., and Wei, R.P.,
Lehigh University, Unpublished work, 1993.
35. Lu, M., Pao, P.S., Weir, T.W., Simmons, G.W., and Wei, R.P, "Rate Controlling
Processes for Crack Growth in Hydrogen Sulfide for an AISI 4340 Steel",
Metallurgical Transactions A, Vol. 12A, May 1981, pp 805-8 I I.
36. Smialek, James L. and Meier, Gerald H. in Superalloys II, Sims, C.T., Stoloff, N.S.,
and Hagel, W.c., Eds., John Wiley & Sons, Inc., New York, 1987.
37. Bain, K.R., and Pelloux, R.M., "Effect of Environment on Creep Crack Growth in
PM/HIP Rene-95", MetaIIurical Transactions A, Vol. 15A, February 1984, pp 381-
388.
38. Bain, K.R. and Pelloux, R.M., "Effect of Oxygen in PMIHIP Nickel-Base
Superalloys", Superalloys 1984, Gell, M., Kortovich, C.S., Bricknell, R.H., Kent,
W.B., and Radavich, IF., Eds., Metallurgical Society of AIME, October 1984.
87
Appendix A
Experimental Data
88
Potential correction data:
a (in.) a/W V (uV) (V-VO)fVO
NS11-17 0.500 0.250 703.2 0.0000
W=2.000" 0.675 0.338 830.3 0.1807
1.252 0.626 1132.2 0.6100
NS11-18 0.502 0.251 705.0 0.0000
W=2.002" 0.699 0.350 822.8 0.1671
1.143 0.572 1121.5 0.5907
NS/1-19 0.501 0.250 697.1 0.0000
W=2.001" 0.687 0.343 812.0 0.1649
1.274 0.637 1118.0 0.6038
NS11-21 0.500 0.250 703.2 0.0000
W=2.000" 0.692 0.346 831.0 0.1818
1.317 0.659 1137.0 0.6169
NS11-22 0.500 0.250 725.4 0.0000
W=2.000" 0.697 0.349 851.9 0.1744
1.331 0.665 1198.3 0.6519
NSI-25 0.500 0.250 725.4 0.0000
W=2.000" 0.698 0.349 846.7 0.1672
1.366 0.683 1184.8 0.6332
NS11-26 0.500 0.250 703.2 0.0000
W=2.000" 0.692 0.346 819.9 0.1659
1.350 0.675 1155.6 0.6434
NS11-27 0.502 0.251 706.6 0.0000
W=2.002" 0.694 0.347 824.5 0.1669
1.367 0.683 1194.8 0.6909
NS11-28 0.502 0.251 703.2 0.0000
W=2.002" 0.679 0.339 823.0 0.1704
1.306 0.652 1132.5 0.6105
NS11-29 0.502 0.251 704.2 0.0000
W=2.000" 0.693 0.347 823.5 0.1695
1.376 0.688 1210.6 0.7190
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0.6 0.8
NS11-17 (20 torr Oxygen, 700C)
Potential Anolysis P~523.8Ibs
Fin.-Oll!.
Potential aIW a (in) t (hr.) da/d! (in/h) K (Ksi in' .5) da/d'im/h) K (MPa m- .5)
830.303 0.3370 0.6750 0.0014 18.0157
832.89 0.3390 0.6790 0.0660 0.0371 18.1075 9.4349E-04 19.8853
838.862 0.3436 0.6882 0.3566 0.0324 18.3228 8.2340E-04 20.1216
844.764 0.3462 0.6974 0.6357 0.0382 18.5410 9.6987E-04 20.3613
650.657 0.3528 0.7067 0.8406 0.0530 16.7622 1.3467E-03 20.6042
656.488 0.3574 0.7159 0.9850 0.0690 16.9869 1.7537E-03 20.8510
862.259 0.3621 0.7252 1.1092 0.0845 19.2143 2.1461E-03 21.1007
667.978 0.3667 0.7345 1.2041 0.1070 19.4449 2.7180E-03 21.3539
673.669 0.3713 0.7438 1.2826 0,1374 19.6796 3.4903E-03 21.6117
679.309 0.3760 0.7530 1.3394 0.1674 19.9177 4.2522E-D3 21.8732
684.66 0.3806 0.7623 1.3934 0.1712 20.1565 4.3485E-03 22.1378
690.447 0.3652 0.7716 1.4479 0.1879 20.4046 4.7736E-D3 22.4081
805.939 0.3899 0.7809 1.4924 0.2127 20.6537 5.4036E-03 22.8614
901.402 0.3945 0.7902 1.5353 0.2424 20.9072 6.1568E-03 22.9598
906.635 0.3992 0.7995 1.5693 0.2866 21.1655 7.2790E-03 23.2435
912.227 0.4036 0.6069 1.6004 0.2919 21.4283 7.4150E-03 23.5321
917.561 0.4085 0.6162 1.6331 0.2956 21.6947 7.5094E-03 23.8246
922.906 0.4132 0.8276 1.6637 0.3377 21.9684 8.5777E-03 24.1252
926.134 0.4178 0.8368 1.6863 0.3807 22.2430 9.6686E-03 24.4267
933.398 0.4225 0.6462 1.7127 0.4018 22.5265 1.0206E-02 24.7361
936.578 0.4271 0.8555 1.7349 0.4466 22.6127 1.1395E-02 25.0524
943.743 0.4318 0.6649 1.7543 0.4814 23.1057 1.2227E-02 25.3742
948.882 0.4365 0.8743 1.7738 0.5206 23.4049 1.3223E-02 25.7027
954.004 0.4412 0.6637 1.7903 0.5732 23.7111 1.4560E-02 26.0390
959.038 0.4456 0.8930 1.8064 0.5701 24.0202 1.4461E-02 26.3764
964.072 0.4505 0.9024 1.8231 0.5463 24.3376 1.3676E-02 28.7270
969.068 0.4552 0.9117 1.8407 0.5449 24.6613 1.3840E-02 27.0825
974.078 0.4599 0.9212 1.8577 0.6335 24.9950 1.6090E-02 27.4490
979.008 0.4646 0.9305 1.8704 0.7721 25.3327 1.9611E-02 27.8197
983.922 0.4693 0.9399 1.8620 0.7634 25.6767 1.9390E-02 28.1998
988.776 0.4739 0.9493 1.8950 0.7616 26.0304 1.9345E-02 28.5660
993.65 0.4786 0.9587 1.9066 0.7669 26.3935 1.9479E-02 28.9848
998.461 0.4833 0.9681 1.9195 0.7346 26.7625 1.8658E-02 29.3900
1003.29 0.4880 0.9776 1.9323 0.6880 27.1439 1.7474E-02 29.8088
1008.03 0.4927 0.9669 1.9469 0.6896 27.5293 1.7516E-02 30.2320
1012.8 0.4974 0.9964 1.9596 0.7633 27.9286 t .9386E-02 30.6707
1017.46 0.5021 1.0057 1.9715 0.8144 26.3326 2.0685E-02 31.1142
1022.2 0.5068 1.0152 1.9827 0.8651 28.7523 2. 1973E-02 31.5751
1026.9 0.5116 1.0247 1.9935 0.8965 29.1632 2.2771E-02 32.0484
1031.49 0.5162 1.0340 2.0037 1.0197 29.6172 2.5901E-02 32.5249
1036.11 0.5210 1.0435 2.0119 1.0917 30.0676 2.7729E-02 33.0196
1040.73 0.5257 1.0530 2.0210 1.0136 30.5324 2.5746E-02 33.5300
1045.28 0.5304 1.0624 2.0305 1.0303 31.0046 2.6169E-02 34.0488
1049.62 0.5351 1.0718 2.0393 1.0515 31.4914 2.6706E-02 34.5831
1054.33 0.5398 1.0813 2.0485 1.0965 31.9905 2.7852E-02 35.1312
1058.84 0.5445 1.0907 2.0566 1.0524 32.5061 2.6732E-02 35.6974
1063.35 0.5493 1.1003 2.0665 1.0592 33.0389 2.6904E-02 36.2825
1067.75 0.5540 1.1096 2.0744 1.0624 33.5760 2.6966E-02 36.8724
1072.18 0.5587 1.1191 2.0642 1.0315 34.1351 26199E-02 37.4864
1076.62 0.5635 1.1286 2.0928 1.0243 34.7146 2.6017E-02 38.1228
1081 0.5882 1.1380 2.1028 0.9628 35.3061 2.4456E-02 38.7723
1085.34 0.5729 1.1475 2.1124 1.0602 35.91~4 2.6929E-02 39.4382
1089.69 0.5776 1.1569 2.1206 1.1473 36.5415 2.9142E-02 40.1290
1094.02 0.5823 1.1664 2.1289 1.1160 37.1898 2.8347E-02 40.6410
1098.33 0.5871 1.1759 2.1376 1.1310 37.8583 2.8728E-02 41.5752
1102.61 0.5918 1.1854 2.1457 1.3571 38.5482 3.4469E-02 42.3305
1106.94 0.5966 1.1950 2.1517 1.5193 39.2676 3.8591E-02 43.1228
1111.16 0.6013 1.2044 2.1582 1.5228 39.9967 3.B680E-02 43.9234
1115.38 0.6060 1.2139 2.1641 1.5118 40.7528 3.6399E-02 44.7538
1119.58 0.610B 1.2234 2.1707 1.4443 41.5335 3.6686E-02 45.6111
1123.77 0.6155 1.2329 2.1772 1.5766 42.3418 4.0047E-02 46.4988
1127.96 0.6203 1.2424 2.1828 1.6175 43.1811 4.1084E-02 47.4205
1132.15 0.6251 1.2520 2.1890
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NSI18.WQ (760 torr oxygen. 600 C/nrgon, 700 C)
Potential Analysis P=529.5Ib.
Fln.-DIII. METRIC
Potential afW a (In) t (hrs) da/dl (Inlh) K (Kslln ~ .5) da/dl (mlh) K (MPa m~ .5)
oxygen 822.795 0.349 0.699 0.0014
827.396 0.353 0.706 7.8248 0.0009 18.6722 2.359E-05 20.5053
833.483 0.358 0.716 18.5394 0.0009 18.9088 2.383E-05 20.7849
839.569 0.362 0.726 28.6705 0.0012 19.1475 2.927E-05 21.0274
845.634 0.367 0.735 35.4247 0.0015 19.3884 3.839E-05 21.2919
851.674 0.372 0.745 41.4533 0.0017 19.8310 4.332E-05 21.5583
857.712 0.377 0.755 46.6893 0.0021 19.8764 5.280E-05 21.8279
863.733 0.382 0.764 50.8517 0.0026 20.1242 8.559E-05 22.0999
869.741 0.388 0.774 54.0514 0.0033 20.3744 8.271E-05 22.3747
875.732 0.391 0.783 56.4572 0.0041 20.8271 1.052E-04 22.8523
881.711 0.396 0.792 58.5902 0.0047 20.8826 1.184E-04 22.9328
887.674 0.400 0.802 60.4666 0.0052 21.1406 1.325E-04 23.2163
693.639 0.405 0.811 62.1565 0.0054 21.4025 1.378E-04 23.5037
899.581 0.410 0.820 83.8795 0.0050 21.6666 1.269E-04 23.7940
905.493 0.414 0.829 65.8353 0.0051 21.9334 1.304E-04 24.0668
911.404 0.419 0.638 67.4384 0.0058 22.2038 1.475E-04 24.3837
917.301 0.423 0.848 68.9675 0.0059 22.4774 1.510E-04 24.6841
923.183 0.428 0.857 70.4787 0.0064 22.7543 1.816E-04 24.9882
929.057 0.432 0.866 71.7940 0.0072 23.0349 1.835E-04 25.2964
934.929 0.437 0.874 72.9574 0.0073 23.3196 1.858E-04 25.6091
940.761 0.441 0.663 74.2257 0.0075 23.6066 1.897E-04 25.9244
946.596 0.446 0.892 75.3235 0.0080 23.8985 2.035E-04 28.2448
952.424 0.450 0.901 78.4240 0.0079 24.1944 1.995E-04 26.5897
958.22 0.454 0.910 77.5513 0.0086 24.4934 2.189E-04 26.8981
964.023 0.459 0.918 78.4432 0.0096 24.7975 2.439E-04 27.2321
969.616 0.463 0.927 79.3575 0.0096 25.1062 2.441E-04 27.5710
975.562 0.467 0.936 60.2324 0.D105 25.4171 2.660E-04 27.9125
981.323 0.472 0.944 80.9895 0.0111 25.7341 2.818E-04 28.2606
987.063 0.476 0.953 81.7672 0.0117 26.0553 2.966E-04 28.6133
992.793 0.480 0.961 82.4388 0.0121 28.3813 3.083E-04 28.9713
998.521 0.464 0.969 83.1554 0.0122 26.7127 3.099E-04 29.3353
1004.22 0.488 0.978 83.8116 0.0135 27.0482 3.434E-04 29.7037
1009.93 0.493 0.986 84.3881 0.0142 27.3901 3.812E-04 30.0792
1015.61 0.497 0.994 84.9780 0.0137 27.7362 3.476E-04 30.4593
1021.27 0.501 1.003 85.5907 0.0141 28.0872 3.576E-04 30.8447
1026.94 0.505 1.011 86.1420 0.0136 28.4451 3.451E-04 31.2377
1032.6 0.509 1.019 86.7929 0.0128 28.8087 3.261E-04 31.8370
1036.23 0.513 1.027 87.4055 0.0131 29.1769 3.319E-04 32.0414
1043.85 0.517 1.035 88.0258 0.0121 29.5512 3.084E-04 32.4525
1049.47 0.521 1.043 88.7265 0.0113 29.9323 2.873E-04 32.8710
1055.07 0.525 1.051 89.4369 0.0117 30.3191 2.977E-04 33.2958
1060.66 0.529 1.059 90.0798 0.0122 30.7124 3.100E-04 33.7278
1066.24 0.533 1.067 90.7300 0.0139 31.1123 3.524E-04 34.1688
1071.81 0.537 1.075 91.2116 0.0190 31.5190 4.837E-04 34.6134
1077.36 0.541 1.082 91.5494 0.0186 31.9318 4.718E-04 35.0668
1082.91 0.544 1.090 92.0474 0.0167 32.3526 4.244E-04 35.5289
1088.46 0.548 1.098 92.4755 0.D185 32.7814 4.689E-04 35.9997
1093.97 0.552 1.105 92.8797 0.0205 33.2153 5.216E-04 38.4762
1099.49 0.556 1.113 93.2192 0.0223 33.8583 5.852E-04 36.9628
1104.99 0.560 1.121 93.5630 0.0234 34.1084 5.947E-04 37.4570
1110.48 0.564 1.128 93.8647 0.0233 34.5664 5.929E-04 37.9600
1115.98 0.567 1.136 94.2082 0.0194 35.0343 4.919E-04 36.4736
1121.45 0.571 1.143 94.6364
organ 1164.6 0.604 1.208 96.0009
1189.47 0.607 1.215 97.8470 5.2760E-04 40.6890 1.340E-05 44.8838
1194.91 0.610 1.222 121.3900 2.9664E-04 41.2669 7.535E-06 45.3206
1205.71 0.617 1.236 16B.6190 3.0331E·04 51.3966 7.704E-06 56.4426
1211.1 0.621 1.243 190.1530 1.1176E-04 52.1366 2.839E-06 57.2552
1216.48 0.624 1.250 292.0670 5.6447E-05 52.6906 1.485E-06 58.0833
1221.87 0.628 1.256 425.4710 6.2342E-05 53.6620 1.583E-06 56.9304
1232.56 0.634 1.270 620.1600 6.8287E-05 55.2439 1.735E-06 60.6676
1234.54 0.636 1.273 660.6040 8.7354E-05 55.5407 1.711E-06 60.9935
1235.7 0.636 1.274 678.6360 1.1203E-04 55.7174 2.846E-06 81.1878
1237.93 0.638 1.277 698.75 7.4577E-05 56.0595 1.894E-08 61.5632
123961 0.639 1.279 744.667
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NS11-19 (Sal. Argon, 650 C)
Potential Analysis P=541Ib,
Fin.·Diff.
Potentinl aIW B (in) ! (hrs) da/d! (In/h) K (KGlln ~ .5) da/d! (m/h)
812.029 0.343 0.688 0.0014 18,4695
817.258 0.347 0.695 0.5063 0.0145 18.6820 3.6786E-04
623.24 0.353 0.708 1.3251 0.0138 18.9295 3,4571E-04
829.159 0.358 0.718 2.0066 0.0162 19.1792 4.1212E-04
835.032 0.363 0.726 2.5800 0.0190 19,4318 4.8238E-04
840.868 0.366 0.736 3.0764 0.0225 19.6860 5.7094E-04
846.61 0.373 0.746 3,4781 0.0247 19.9452 6.2725E-04
852.323 0.376 0.756 3.6910 0.0267 20.2064 6.7757E-04
657.99 0.383 0.766 4.2289 0.0317 20,4709 6.0636E-ll4
663.619 0.366 0.776 4.5202 0.0342 20.7393 6.6949E-04
669.2 0.393 0.768 4.6107 0.0369 21.0111 9.3852E-ll4
874.719 0.396 0.798 5.0574 0.0433 21.2B58 1.0992E-03
680.213 0,403 0.806 5.2668 0.0465 21.5653 1.1813E-03
685.637 0,408 0.816 5.4800 0.0515 21.8474 1.3080E-03
891.049 0,412 0.825 5.6473 0.0587 22.1352 1,4905E-03
896.396 0.417 0.835 5.8129 0.0594 22,4261 1.5090E-03
901.712 0.422 0.845 5.9746 0.0615 22.7220 1.5619E-03
907.01 0,427 0.855 6.1290 0.0646 23.0238 1.6471E-03
912.236 0,432 0.864 6.2730 0.0699 23.3288 1.7749E-ll3
917,427 0,437 0.874 6,4043 0.0671 23.6386 1.7055E-03
922.597 0.441 0.663 6.5591 0.0664 23.9548 1.6875E-03
927.743 0,446 0.893 6.6933 0.0696 24.2773 1.7676E-03
932.83 0,451 0.902 6.6336 0.0765 24.6040 1.9427E-03
937.902 0.456 0.912 6.9425 0.0934 24.9378 2.372OE-03
942.942 0.461 0.922 7.0378 0.0981 25.2760 2.4925E-03
947.908 0.465 0.931 7.1353 0.1024 25.6216 2.6014E-03
952.908 0.470 0.940 7.2225 0.1069 25.9766 2.7159E-03
957.818 0.475 0.950 7.3119 0.1034 26.3342 2.6274E-03
962.707 0.479 0.959 7.4036 0.0973 26.6997 2.4707E-03
967.545 0,464 0.968 7.5038 0.0967 27.0708 2.4562E-03
972.382 0.489 0.978 7.5963 0.1045 27.4518 2.6553E-03
977.186 0.493 0.967 7.8621 0.1041 27.6404 2.6434E-03
982.008 0,496 0.996 7.7756 0.0983 26.2411 2.4959E-03
986.753 0.503 1.006 7.8716 0.0974 26.6462 2.4746E-03
991,435 0.507 1.015 7.9648 0.0972 29.0570 2.4695E·03
996.126 0.512 1.024 8.0607 0.1015 29.4802 2.5788E-03
1000.81 0.516 1.033 6.1465 0.1045 29.9144 2.6536E-03
1005.45 0.521 1.043 6.2366 0.1129 30.3569 2.6671E-03
1010.07 0.526 1.052 8.3090 0.1231 30.8101 3.1279E-03
1014.65 0.530 1.061 8.3853 0.1122 31.2723 2.8509E-ll3
1019.23 0.535 1.070 8.4717 0.1070 31.7481 2.7167E-03
1023.76 0.539 1.079 8.5557 0.1077 32.2324 2.7355E-03
1028.26 0.544 1.088 8.6400 0.1082 32.7278 2.7483E-03
1032.76 0.548 1.097 8.7232 0.1143 33.2380 2.9030E-03
1037.21 0.553 1.106 6.7982 0.1124 33.7576 2.8550E-03
1041.65 0.557 1.115 8.8835 0.1082 34.2917 2.7495E·03
1046.07 0.562 1.124 8.9646 0.1172 34.8397 2.9761E-03
1050.5 0.566 1.133 9.0375 0.1244 35,4059 3.1592E-03
1054.65 0.571 1.142 9.1091 0.1395 35.9792 3.5438E-ll3
1059.2 0.575 1.151 9.1655 0.1485 36.5703 3.7717E-03
1063.52 0.580 1.160 9.2292 0.1374 37.1758 3,4895E·03
1067.84 0.584 1.169 9.2953 0.1453 37.8006 3.6905E-03
1072.12 0.589 1.178 9.3518 0.1656 38,4394 4.2062E-03
1076,4 0.593 1.167 9.4027 0.1830 39.0989 4.6481E-03
1080.65 0.597 1.196 9.4489 0.1789 39.7751 4.5451E-03
1084.88 0.602 1.204 9.5017 0.1647 40,4702 4.1832E-03
10e9,09 0.606 1.213 9.5563 0.1602 41.1848 4.0693E-03
1093.27 0.611 1.222 9.6118 0.1629 41.9181 4.1386E-03
1097.45 0.615 1.231 9.6644 0.1551 42.6760 3.9408E-03
1101.58 0.619 1.240 9.7250 0.1480 43.4501 3.7585E-03
1105.74 0.624 1.248 9.7832 0.1672 44.2568 4.2477E-03
1109.83 0.628 1.257 9.8298 0.1834 45.0768 4.6579E-03
1113.95 0.633 1.266 9.8786 0.1912 45.9318 4.8569E-03
1118.02 0.637 1.275 9,9214
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NS11-21 (20% Oxygen in Argon, 700 C)
Polcntinl Anolysis P=536.5Ibs
Fln.-Oill.
Potential a/W 8 (in) t (hrsJ dsldt Onlh) K (Ksi in ~ .5) daldt (mlh) K (MPa m~ .5)
631.007 0.3460 0.6920 0.0014 19.2015
635.531 0.3496 0.6995 0.1554 0.0329 19.3663 8.3473E·04 21.2918
841.236 0.3546 0.7091 0.5226 0.0311 19.6286 7.9014E·04 21.5557
846.93 0.3594 0.7188 0.7735 0.0409 19.8736 1.0376E-03 21.8246
852.57 0.3642 0.7284 0.9945 0.0523 20.1220 1.3290E-03 22.0975
856.204 0.3691 0.7381 1.1431 0.0761 20.3757 1.9339E-Q3 22.3762
863.63 0.3739 0.7479 1.2502 0.0974 20.6351 2.4743E-03 22.6610
869.39 0.3788 0.7576 1.3433 0.1127 20.8974 2.6627E-03 22.9491
874.94 0.3837 0.7674 1.4234 0.1294 21.1656 3.2870E-03 23.2436
8800462 0.3666 0.7773 104951 0.1561 2104399 3.9655E-03 23.5448
885.965 0.3936 0.7871 1.5497 0.1600 21.7190 4.5709E-03 23.6513
891.479 0.3985 0.7970 1.6050 0.2037 22.0047 5. 1749E-03 24.1850
896.937 004035 0.8070 1.6471 0.2463 22.2957 6.2560E-03 24.4846
902.362 0.4065 0.8169 1.6656 0.2962 22.5935 7.5735E-03 24.6117
907.626 0.4135 0.6270 1.7142 0.3706 22.6991 9A174E-03 25.1472
913.206 004165 0.8370 1.7399 0.3920 23.2092 9.9578E-03 25.4676
918.596 004235 0.6471 1.7655 0.3923 23.5281 9.9646E-03 25.6360
923.932 0.4286 0.6572 1.7913 0.3713 23.6525 9A300E-03 26.1942
929.273 0.4336 0.6673 1.6200 0.3694 24.1662 9.3640E-03 26.5607
934.576 004387 0.8774 1.8462 0.4281 24.5268 1.0875E-02 26.9348
939.866 0.4436 0.8676 1.8675 OA82B 24.8764 1.2259E-02 27.3187
945.142 004469 0.8979 1.6665 0.5170 25.2350 1.3133E-02 27.7125
950.393 0.4541 0.9061 1.9071 0.5547 25.6024 1A089E-02 26.1160
955.625 004592 0.9184 1.9255 0.5696 25.9794 lA977E-02 28.5300
960.697 004644 0.9266 1.9422 0.6557 26.3709 1.6655E-02 28.9599
966.028 004695 0.9390 1.9570 0.6655 26.7635 1.6904E-02 29.3910
971.233 0.4747 0.9495 1.9732 0.6665 27.1740 1.6929E-02 29.6419
976.386 004799 0.9599 1.9883 0.6905 27.5933 1.7539E·02 30.3024
961.494 004651 0.9702 2.0033 0.7460 26.0222 1.6947E-02 30.7733
966.626 004904 0.9607 2.0162 0.6213 2804671 2.0662E-02 31.2619
991.755 0.4956 0.9913 2.0269 0.7404 26.92Bl 1.8607E-02 31.7659
996.634 0.5009 1.0018 2.0446 0.7130 29.3956 1.8111E-02 32.2818
1001.85 0.5061 1.0122 2.0563 0.7397 29.6753 16769E-02 32.6083
1006.91 0.5114 1.0228 2.0731 0.7560 30.3753 1.9202E-02 33.3575
1011.96 0.5167 1.0334 2.0663 0.7722 30.8917 1.9614E-02 33.9246
1016.96 0.5220 1.0440 2.1006 0.8201 3104209 2.0831E-02 34.5057
1021.93 0.5273 1.0546 2.1122 0.9066 31.9654 2.3027E-02 35.1037
102B.92 0.5327 1.0653 2.1240 1.0260 32.5317 2.6110E-02 35.7256
1031.92 0.5360 1.0761 2.1331 1.1359 33.1200 2.6851E-02 36.3716
1036.85 0.5434 1.0868 2.1429 1.0905 33.7213 2.7697E-Q2 37.0320
1041.75 0.5487 1.0975 2.1527 1.2244 34.3413 3.1100E-02 37.7128
1046.7 0.5542 1.1083 2.1605 1.2907 34.9912 3.2784E-02 38.4266
1051.6 0.5596 1.1191 2.1694 1.1591 35.6594 2.9442E-02 39.1603
1056.42 0.5649 1.1298 2.1791 1.2069 36.3419 3.0656E-02 39.9099
1061.28 0.5703 1.1406 2.1873 1.3272 37.0570 3.3712E-02 40.6951
1066.17 0.5758 1.1516 2.1955 1.4052 37.8052 3.5693E-02 41.5166
1070.96 0.5812 1.1624 2.2028 1.3525 38.5677 3.4353E-02 42.3541
1075.79 0.5867 1.1733 2.2116 1.2229 39.3678 3.1061E-02 43.2328
1080.56 0.5921 1.1842 2.2206 1.1837 40.1906 3.0067E-02 44.1364
1085.34 0.5976 1.1951 2.2300 1.2719 41.0496 3.2307E-02 45.0797
1090.12 0.6031 1.2061 2.2378 1.4709 41.9450 3.7361E·02 46.0630
1094.91 0.6086 1.2172 2.2450 1.4311 42.8811 3.6351E-02 47.0910
1099.6 0.6141 1.2281 2.2532 104391 43.8375 3.6552E-02 48.1414
1104.32 0.6196 1.2392 2.2B02 1.6340 44.8423 4.1504E-Q2 49.2448
1109.08 0.6252 1.2503 2.2B68 1.6106 45.9012 4.5969E-02 50.4077
1113.78 0.6307 1.2614 2.2725 1.6551 46.9945 4.712OE-02 51.6063
1118045 0.6363 1.2725 2.2787 1.6657 48.1306 4.2310E-Q2 52.6562
1123.14 0.6418 1.2837 2.2659 1.5741 49.3253 3.9981E·02 54.1679
1127.72 0.6473 1.2946 2.2926 1.5142 50.5467 3.6461E-Q2 55.5092
1132.38 0.6529 1.3059 2.3005 1.5904 51.8467 4.0396E-02 56.9391
1136.99 0.6585 1.3170 2.3069 53.1996
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NS11-22 (Air, 700 C)
Potential Analysis P~600 lb.
Fit Fin.-DiU.
Potential oIW a (in) t (hrs) d./dt do/dt lin/h) K (Ktl in - .5) ds/dt 1m/h) K (MPs m- .5)
851.918 0.349 0.697 0.1592 21.3087
858.075 0.354 0.707 0.3771 0.0537 21.5855 1.3635E-03 23.7047
864.22 0.359 0.717 0.5344 0.0707 21.8871 1.7958E-03 24.0139
870.349 0.364 0.727 0.6626 0.0894 22.1532 2.2714E-03 24.3262
876.476 0.369 0.737 0.7608 0.1113 22.4449 2.8281E-03 24.6485
882.579 0.374 0.748 0.8449 0.1316 22.7413 3.3421E-03 24.9739
888.648 0.379 0.758 0.9149 0.1460 0.1801 23.0420 4.5745E-03 25.3041
894.738 0.384 0.768 0.9578 0.1596 0.2080 23.3500 5.282OE-03 25.6424
900.784 0.389 0.778 1.0129 0.1861 0.2054 23.6623 5.2179E-03 25.9854
906.834 0.394 0.788 1.0571 0.2160 0.2540 23.9815 6.4510E-03 26.3360
912.888 0.399 0.799 1.0936 0.2473 0.2855 24.3081 7.2512E-03 26.6946
916.868 0.404 0.809 1.1288 0.2839 0.2998 24.6379 7.8150E-03 27.0568
924.865 0.410 0.819 1.1618 0.3243 0.3481 24.9762 8.8405E-03 27.4263
930.863 0.415 0.829 1.1879 0.3607 0.4041 25.3225 1.0264E-02 27.8086
936.839 0.420 0.840 1.2128 0.3995 0.4273 25.6758 1.0854E-02 28.1965
942.787 0.425 0.850 1.2381 0.4395 0.4331 26.0359 1.1000E-02 28.5920
94B.761 0.430 0.860 1.2606 0.4854 0.4752 26.4065 1.2071E-02 28.9990
954.686 0.435 0.871 1.2798 0.5243 0.5860 26.7834 1.4885E-02 29.4129
960.622 0.441 0.881 1.2960 0.5594 0,6167 27.1706 1.5663E-02 29.8381
966.511 0.446 0.891 1.3134 0.5993 0.5327 27.5647 1.3530E-02 30.2709
972.408 0.451 0.902 1.3350 0.6520 0.5180 27.9698 1.3158E-02 30.7158
978.265 0.456 0.912 1.3536 0.7004 0.6826 28.3830 1.7337E-02 31.1695
984.151 0.461 0.923 1.3656 0.7332 0.8036 28.8096 2.0413E-02 31.6380
990.006 0.467 0.933 1.3796 0.7731 0.7507 29.2457 1.9068E-02 32.1169
995.849 0.472 0.944 1.3935 0.8141 0.7786 29.6932 1.9777E-02 32.6084
1001.69 0.477 0.954 1.4066 0.8546 0.8423 30.1535 2.1394E-02 33.1139
1007.47 0.482 0.965 1.4183 0.8921 0.8451 30.6222 2. 1466E-02 33.6286
1013.26 0.488 0.975 1.4314 0.9352 0.8076 31.1055 2.0513E-02 34.1594
1019.05 0.493 0.986 1.4444 0.9798 0.8520 31.6034 2. 1641E-02 34.7061
1024.89 0.498 0.996 1.4563 1.0219 0.9490 32.1209 2.4105E-02 35.2744
1030.64 0.503 1.007 1.4667 1.0602 1.0145 32.6463 2.5787E-02 35.8514
1036.4 0.509 1.017 1.4771 1.0992 1.0679 33.1892 2.7124E-02 36.4476
1042.11 0.514 1.028 1.4865 1.1355 1.0552 33.7444 2.6802E-02 37.0574
1047.83 0.519 1.039 1.4971 1.1774 1.1248 34.3186 2.8569E-02 37.6879
1053.62 0.525 1.049 1.5055 1.2115 1.2495 34.9190 3.1736E-02 38.3472
1059.25 0.530 1.060 1.5142 1.2472 1.2854 35.5222 3.2648E-02 39.0097
1065.01 0.535 1.071 1.5221 1.2807 1.4204 36.1602 3.6078E-02 39.7103
1070.65 0.541 1.081 1.5292 1.3114 1.5444 36.8062 3.9227E-02 40.4198
1076.32 0.546 1.092 1.5359 1.3405 1.4627 37.4782 3.7154E-02 41.1577
1081.96 0.551 1.103 1.5438 1.3759 1.3300 38.1701 3.3781E-02 41.9176
1087.62 0.557 1.113 1.5520 1.4130 1.3593 38.8893 3.4527E-02 42.7073
1093.22 0.562 1.124 1.5596 1.4481 1.4753 39.6264 3.7473E-02 43.5169
1098.91 0.567 1.135 1.5666 1.4B11 1.5534 40.4030 3.9457E-02 44.3697
1104.5 0.573 1.146 1.5735 1.5141 1.5435 41.1944 3.9205E-02 45.2387
1110.08 0.578 1.156 1.5805 1.5482 1.5707 42.0140 3.9897E-02 46.1388
1115.65 0.584 1.167 1.5872 1.5811 1.5885 42.8632 4.0348E-02 47.0714
1121.22 0.589 1.178 1.5941 1.6157 1.4574 43.7452 3.7018E-02 48.0400
1126.79 0.594 1.189 1.6020 1.6562 1.4311 44.6818 3.6350E-02 49.0466
1132.38 0.600 1.200 1.6093 1.6937 1.4595 45.8184 3.7070E-02 50.0970
1137.88 0.605 1.210 1.6169 1.7338 1.5451 46.5974 3.9245E-02 51.1722
1143.53 0.61' 1.222 1.6234 1.7689 1.8772 47.6445 4.7681E-02 52.3221
1148.95 0.616 1.232 1.6285 1.7962 2.1340 48.6907 5.4204E-02 53.4710
1154.57 0.622 1.243 1.6336 1.8245 2.0448 49.8210 5.1938E-02 54.7123
1159.97 0.627 1.254 1.6392 1.8551 2.1554 50.9534 5.4748E-02 55.9558
1165.53 0.633 1.265 1.6437 1.8e08 2.2378 52.1695 5.6839E-02 57.2913
1170.92 0.638 1.276 1.6489 1.9100 2.4681 53.4000 6.2689E-02 58.6426
1176.42 0.643 1.287 1.6526 1.9310 2.6614 54.7110 6.7600E-02 60.0824
1181.87 0.649 1.298 1.6572 1.9574 2.2467 56.0688 5.7066E-02 61.5735
1187.31 0.654 1.309 1.6623 1.9875 2.1661 57.4860 5.5018E-02 63.1298
1192.83 0.660 1.320 1.6674 2.0172 2.2025 58.9913 5.5944E-02 64.7829
1198.3 0.666 1.331 1.6724 2.0473 60.5540
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NS11-25 (Air, 700 C)
Potential Analysis P~429.5Ibs
Fit Fin.-Dltt.
Potential n/W a (in) I (hrs) ds/dl do/dl (in/h) K (KGi in A .5) do/dl (m/h) K (MPo m
846.668 0.349 0.698 0.0014 15.4814
849.785 0.351 0.703 0.1227 0.0221 15.5888 0.0006 0.3960
855.915 0.357 0.714 0.7256 0.0189 15.8027 0.0005 0.4014
662.019 0.362 0.724 1.2453 0.0237 16.0203 0.0006 0.4069
868.101 0.367 0.735 1.6217 0.0357 16.2418 0.0009 0.4125
674.146 0.373 0.745 1.8415 0.0637 0.0565 18.4667 0.0014 0.4183
880.178 0.378 0.758 1.99B7 0.1021 0.0807 16.6961 0.0020 0.4241
886.194 0.363 0.767 2.1062 0.1245 0.1093 16.9300 0.0028 0.4300
692.151 0.389 0.777 2.1938 0.1467 0.1463 17.1670 0.0037 0.4360
698.122 0.394 0.788 2.2521 0.1656 0.1859 17.4102 0.0047 0.4422
904.057 0.399 0.799 2.3090 0.1886 0.2047 17.6578 0.0052 0.4485
909.931 0.405 0.809 2.3565 0.2120 0.2327 17.9085 0.0059 0.4549
915.826 0.410 0.820 2.4010 0.2381 0.2482 18.1684 0.0063 0.4614
921.676 0,415 0.831 2.4429 0.2669 0.2976 18.4289 0.0078 0.4881
927.519 0.421 0.842 2.4731 0.2904 0.3932 18.6978 0.0100 0.4749
933.355 0.426 0.852 2.4976 0.3114 0.4087 18.9733 0.0104 0.4819
939.109 0.432 0.863 2.5256 0.3374 0.3936 19.2522 0.0100 0.4890
944.885 0.437 0.874 2.5522 0.3643 0.3638 19.5397 0.0092 0.4963
950.628 0.442 0.885 2.5848 0.4005 0.3646 19.8333 0.0093 0.5038
956.332 0.448 0.895 2.6112 0,4324 0,4418 20.1331 0.0112 0.5114
962.076 0.453 0.906 2.8337 0.4818 OA9a7 20.4436 0.0127 0.5193
967.717 0.459 0.917 2.6545 0.4903 0.5617 20.7571 0.0143 0.5272
973.394 0.464 0.928 2.6721 0.5160 0.5704 21.0819 0.0145 0.5355
979.017 0.469 0.939 2.6924 0.5470 0.6136 21.4131 0.0156 0.5439
964.634 0.475 0.949 2.7073 0.5710 0.7011 21.7536 0.0178 0.5525
990.227 0.480 0.960 2.7232 0.5975 0.6690 22.1035 0.0175 0.5614
995.612 0.486 0.971 2.7388 0.6244 0.7180 22.4634 0.0162 0.5706
1001.39 0.491 0.962 2.7535 0.6510 0.7024 22.6342 0.0176 0.5800
1006.9 0.496 0.993 2.7697 0.6811 0.6146 23.2122 0.0156 0.5896
1012.48 0.502 1.004 2.7890 0.7168 0.6523 23.6073 0.0186 0.5996
1017.92 0.507 1.015 2.6030 0.7473 0.7566 24.0051 0.0192 0.6097
1023.42 0.513 1.026 2.6176 0.7779 0.6081 24.4205 0.0205 0.6203
1028.69 0.518 1.036 2.6300 0.8047 0.9044 24.8477 0.0230 0.6311
1034.32 0.524 1.047 2.8417 0.8307 0.7991 25.2661 0.0203 0.6423
1039.74 0.529 1.058 2.6572 0.6663 0.7275 25.7368 0.Q165 0.6538
1045.13 0.535 1.069 2.8718 0.9004 0.6333 26.2047 0.0212 0.6656
1050.53 0.540 1.060 2.8634 0.9292 1.0515 26.6880 0.0267 0.6779
1055.9 0.545 1.091 2.8924 0.9516 1.2014 27.1859 0.Q305 0.6905
1061.26 0.551 1.102 2.9016 0.9750 1.2287 27.7010 0.0312 0.7036
1066.62 0.556 1.113 2.9103 0.9973 1.2518 28.2350 0.0318 0.7172
10]1.93 0.562 1.124 2.9192 1.0207 1.4192 28.7839 0.0360 0.7311
1077.22 0.567 1.135 2.9257 1.0382 1.4468 29.3513 0.0368 0.7455
1062.45 0.573 1.146 2.9342 1.0614 1.1640 29.9337 0.0298 0.7603
1087.75 0.578 1.157 2.9445 1.0899 1.1995 30.5466 0.Q305 0.7759
1092.99 0.584 1.168 2.9526 1.1127 1.4712 31.1765 0.0374 0.7919
1096.24 0.589 1.179 2.9594 1.1324 1.3999 31.6327 0.0358 0.8086
1103.4 0.595 1.190 2,9682 1.1579 1.2661 32.5035 0.0322 0.8256
1108.62 0.600 1.201 2.9767 1.1631 1.3004 33.2096 0.0330 0.8435
1113.79 0.806 1.212 2.9851 1.2085 1.4120 33.9379 0.0359 0.6620
1119.01 0.611 1.223 2.9924 1.2306 1.4127 34.7042 0.0359 0.8815
1124.14 0.617 1.234 3.0006 1.2567 1.1993 35.4892 0.Q305 0.9014
1129.27 0.622 1.245 3.0107 1.2880 1.1672 36.3079 0.0296 0.9222
1134.35 0.628 1.256 3.0196 1.3166 1.1806 37.1537 0.0300 0.9437
1139.5 0.633 1.267 3.0294 1.3487 1.2316 38.04.89 0.0313 0.9664
1144.56 0.639 1.278 3.0376 1.3759 1.4901 38.9716 0.0378 0.9899
1149.66 0.644 1.289 3.0442 1.3984 1.6995 39.9381 0.0432 1.0144
1154.87 0.650 1.300 3.0505 1.4199 1.6608 40.9308 0.0422 1.0398
1159.75 0.655 1.311 3.0575 1.4441 1.5910 41.9882 0.0404 1.0665
1164,81 0.661 1.322 3.0645 1.4686 1.6361 43.0875 0.0416 1.0944
1169.8 0.667 1.333 3.0711 1.4916 1.8346 44.2255 0.0466 1.1233
, 174.78 0.672 1.344 3.0765 1.5114 2.0812 45.4163 0.0529 1.1536
1179.74 0.678 1.355 3.0817 1.5299 2.0946 46.6604 0.0532 1.1852
1184.75 0.683 1.366 3.0871 1.5500
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NS11-26 (760 torr Oxygen, 700 C)
Potential Analysis P~536.5 lb.
Fin.·OIff.
Potential u{w o (tn) t (hrs) da/dt (In/h) K (KGlln A .5) da/dt (m/h) K (MPu m A .5)
619.696 0.346 0.692 0.0136
625.74 0.351 0.702 0.1466 0.0514 19.4571 1.3079E-03 21.3674
831.657 0.356 0.713 0.4110 0.0449 19.7163 1.1439E-03 21.6520
837.542 0.361 0.723 0.6047 0.0552 19.9791 1.4050E-03 21.9406
643.356 0.367 0.733 0.7824 0.0659 20.2440 1.6779E-n3 22.2315
849.219 0.372 0.743 0.9166 0.0750 20.5166 1.9098E-03 22.5308
854.938 0.377 0.754 1.0554 0.0835 20.7879 2.1271E-03 22.8288
860.696 0.382 0.764 1.1606 0.0985 21.0669 2.5075E-03 23.1352
666.424 0.367 0.774 1.2635 0.1216 21.3504 3.1024E-03 23.4465
872.132 0.392 0.764 1.3266 0.1600 21.6391 4.0743E-n3 23.7635
"
877.799 0.397 0.795 1.3914 0.1761 21.9321 4.4846E-03 24.0853
883.43 0.402 0.805 1.4447 0.2021 22.2298 5.1469E-03 24.4122
889.073 0.407 0.815 1.4927 0.2378 22.5350 6.0547E-03 24.7474
894.626 0.413 0.825 1.5306 0.2770 22.6423 7.0541E-03 25.0649
900.21 0.418 0.635 1.5663 0.3048 23.1587 7.7618E-03 25.4324
905.777 0.423 0.846 1.5978 0.3096 23.4818 7.8661E-03 25.7672
911.28 0.428 0.856 1.6323 0.3346 23.8090 8.5193E-03 26.1464
916.729. 0.433 0.866 1.6565 0.3614 24.1409 9.7116E-03 26.5110
922.22 0.436 0.676 1.6657 0.4073 24.4639 1.0371E-02 26.6676
927.618 0.443 0.666 1.7065 0.4291 24.6296 1.0926E-n2 27.2673
933.028 0.446 0.696 1.7329 0.4325 25.1851 1.1013E-02 27.6577
936.416 0.453 0.907 1.7555 0.4642 25.5464 1.2330E-02 28.0567
943.602 0.456 0.917 1.7750 0.5453 25.9213 1.3867E-02 28.4662
949.119 0.463 0.927 11927 0.5666 26.2994 1.4936E-02 28.6614
954.439 0.469 0.937 1.6096 0.5346 26.6660 1.3615E-02 29.3062
959.827 0.474 0.947 1.6311 0.5421 27.0926 1.3604E-02 29.7525
964.99 0.479 0.957 1.6469 0.7263 27.4912 1.8547E-02 30.1902
970.303 0.484 0.968 1.8588 0.7430 27.9130 1.8920E-02 30.6534
975.499 0.489 0.978 1.8743 0.7308 28.3374 1.8610E-02 31.1195
980.733 0.494 0.988 1.8865 0.8860 28.7774 2.2563E-02 31.6027
985.907 0.499 0.998 1.8972 0.9316 29.2252 2.3723E-02 32.0944
991.079 0.504 1.008 1.9082 0.9324 29.6862 2.3744E-02 32.6007
996.163 0.509 1.018 1.9188 0.8361 30.1530 2.1291E-02 33.1134
1001.29 0.514 1.028 1.9323 0.7625 30.6381 1.9416E-02 33.6461
1006.44 0.519 1.038 1.9455 0.7703 31.1406 1.9616E-02 34.1979
1011.5 0.524 1.049 1.9586 0.7620 31.6498 1.9404E-02 34.7570
1016.55 0.529 1.059 1.9719 0.9322 32.1740 2.3739E-02 35.3327
1021.68 0.534 1.069 1.9805 1.0633 32.7237 2.7077E-02 35.9364
1026.69 0.539 1.079 1.9910 0.9031 33.2781 2.2998E-02 36.5452
1031.64 0.544 1.089 2.0027 0.9568 33.6437 2.4364E-02 37.1664
1036.59 0.549 1.099 2.0119 1.1951 34.4279 3.0433E-02 37.6079
1041.67 0.555 1.109 2.0197 1.2711 35.0476 3.2369E-02 38.4885
1046.56 0.560 1.119 2.0279 1.3402 35.6646 3.4128E-02 39.1660
1051.45 0.565 1.129 2.0346 1.4077 36.3024 3.5848E-02 39,8665
1056.4 0.570 1.139 2.0422 1.4239 36.9705 3.6259E-02 40.6001
1061.37 0.575 1.150 2.0489 1.5965 37.6650 4.0655E-02 41.3628
1066.2 0.580 1.160 2.0548 1.6299 38.3639 4.1506E-02 42.1304
1070.98 0.585 1.169 2.0611 1.5308 39.0800 3.8982E-02 42.9168
1075.89 0.590 1.180 2.0680 1.4692 39.8422 3.7413E-02 43.7538
1080.66 0.595 1.190 2.0748 1.6933 40.6098 4.3120E-02 44.5967
1085.66 0.600 1.200 2.0600 1.9729 41,4480 5.0239E-n2 45.5172
1090.26 0.605 1.210 2.0650 2.1122 42.2413 5.3766E-02 46.3684
1095.09 0.610 1.220 2.0894 2.1184 43.1090 5.3945E-02 47.3413
1099.91 0.615 1.230 2.0946 1.8090 44.0065 4.6065E-02 46.3291
1104.52 0.620 1.240 2.1004 1.7111 44.9017 4.3572E-02 49.3101
1109.27 0.625 1.250 2.1062 1.8614 45.6577 4.74ooE-02 50.3599
1114.05 0.630 1.260 2.1113 1.9068 46.8581 4.8557E-02 51.4585
1118.69 0.635 1.270 2.1167 1.7843 47.8681 4.5437E-02 52.5676
1123.33 0.640 1.280 2.1224 1.7610 48.9185 4.4844E-02 53.7212
1128.01 0.645 1.290 2.1261 1.9564 50.0213 4.9820E-02 54.9322
1132.69 0.650 1.300 2.1327 2.1189 51.1699 5.3958E-02 56.1938
1137.43 0.655 1.310 2.1377 1.9660 52.3827 5.0063E-02 57.5255
1141.94 0.660 1.320 2.1429 1.9779 53.5856 5.0366E-02 58.8465
1146.49 0.665 1.330 2.1476 2.1303 54.8504 5.4247E-n2 60.2354
1151.21 0.670 1.340 2.1524 2.1357 56.2199 5.4386E-02 611394
1155.64 0.675 1.350 2.15696
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NS11-27 (Sat. Argon, 600 C)
Potinlill.lAnll.1Ytit P-~22Ibll
f:'in.-Oiff. METRIC
Pot.n!illl oN! II (in) t(hlll) do.,ldt(In/h) K(K.lin" .~) dll/dt(mfh} K(MPIlIl1"" .~)
824.~1 0.347 0.691 0.0014 18.4147
620.424 0.3:11 0.702 3_~70 0.0024 18.6068 6.(r.I7E-M 20_4~
~.J:l9 0.308 0.712 7.6070 0.0027 18.&464 e.738f.{)~ 20.6968
64U21 0.361 0.722 10.::lJ12 OJXJ41 19.0090 1.000E-04 20.9631
8-47.063 0.36il 0.73;2 12.4370 O.~9 19.3339 1.400E-04 212320
~.9'6 0.371 0.742 13.~ D.OOn 19.'-919 L946E·Of 21.-'044
858.718 0.376 0.7:12 l~.OOOl 00096 19.6J30 2.43OE-04 21.7002
004.48 0.300 0.76'2 1~_~99 0.0100 20.0871 2.7G4E-<H 22.~92
870.234 0.= 0.771 fB.ttlll 0.0102 20.34:18 2.'79£-04 22.34XJ
87~_943 0.390 0.781 17.6882 0.0104 20.6069 2.~E-M 22.6301
881.662 0.390 0.791 18-7269 0.012:1 20.8739 3.164E-04 22.9232
687.323 0.400 0.001 19.4~7 O.Ol~ 21.1434 3.419E-04 2321a2
6ll2."'" 0'"" 0.810 20.171:5 0.0142 21.4170 3.610E-(}4 23.:5197
llO6.>69 0.410 0,820 20.8223 O_Ot~ 21.6~t 3.687E·04 23.B2~
004.t~ 0.41~ 01l3O 2L~J89 0.0160 21.97£12 4.07~E·04 24.13:19
909.727 0.419 0B4<l 22.0268 0.0160 22.2~ 4.0nE-04 24.4~14
91~.27~ 0.~24 0_649 22.643:1 0.Ot7~ 22.~ 4.4~E-04 24.m9
920.768 0.429 0.~9 23_t2M 0.0206 22.8»i ~.2:xJ£-04 2~.0993
926.3 0.434 0.868 23.~71H 0.022t 23.t592 ~.624E·04 2~.4329
931.76-4 0.439 0.878 23.9971 0.0247 23.4670 6_266E·04 2~.n09
937_22 0.443 0668 2~.~70 0.0293 23.76H 7.432E·04 26.tt61
942.G-W 0.446 0.697 24.6520 0.0316 24.1012 6.02~£-04 26_4674
946.~ 0,4~3 0.007 24.96.22 0,0286 24.4273 7.2~£·04 26.f12~
~3.4JJ 0.4~ 0.9t8 2~.3193 0.024t 24.7~~ 8.126E-04 27.1904
l:r.';I).700 0.462 0,028 2~.7~2~ 0.0230 2~,09a7 ~.6J4£·04 27.~9
964,133 0.467 09~ 26.1473 0.0271 2'.4442 6.892£·04 27.9423
9fi9.4~ 0.472 0.94~ 26.4~2' 0_OJ18 2~.7974 8.068£·04 28.JJOI
974.7~7 0.477 0004 26.74~ 0.03t9 26.1~78 8.096£-04 28.n~9
900.fr.)J 0.481 0964 27.CU73 0.0318 25_~2G9 8.lOtE-lH 29.1312
9M.2M 0.486 0.973 27.3376 0.0312 26.90t2 7.916E-lK 29.""23
990.'" 0.-491 0.983 27.~26 O.OJ14 27.2663 7,976£·04 29_~2
~.7~ 0.496 OWl 27.9383 0.0316 27.6783 8.0J2E-lH >JJ90<3
tooo.94 0.:>00 1.001 28.2471 0.0323 28,0700 8.217£·04 3':).83'7
1006_12 0."" 1.011 28.~189 0.0341 28.4896 8.6:)2£·04 31.21166
10t1.27 O.:~110 1.020 28.7976 0.0364 28.9007 9.2J!l£·04 31.7469
t016.42 0.'14 1O>J 2a.OJ4t 0.Q4{l3 29.3393 t.024£-03 32_2t98
l02L~ 0_~t9 1.039 29.2623 0.0438 29.17m 1.1t2E-03 32.7028
1026.6:) 0.'24 1.048 29.4612 0.0461 30.2304 1.I70E·03 33.1963
t031.72 0.:)28 1006 29.6GG9 0.0473 >J.GW6 1.202£-03 33.7037
1036.79 0= 1.067 29.~ 0.0431 3t.16J9 t.093£-03 Ji.2234
100t.84 0"'" 1.076 JCI.0993 00372 31.6-468 9.4'1£·04 J-4.7~9
t046.66 0.'42 lOS> >J= 0,03:.6 32.t447 9.099£·04 3:>.3000
t~1.91 0.~41 1.09' 30.6166 0.0367 32.6:>82 9.332£-04 ~.064'
1~.1J7 0."1 1.104 JO.M79 0.0363 JJ.17n 9.206£-04 30.4348
1061.8' 0,':16 1.113 31.1273 0.0374 33.7144 9_488£·04 37.0244
1066.6 0.~1 1.122 31.3:121 00400 34.2640 t,037£·03 37_6200
1071.7' O.~' 1.132 31.'769 0."'"" :HllJO< 1.026£-03 38.2499
1076,67 0,'70 1.14t 31.0073 0,04J7 3:I.4t06 1.110£,03 38.667t
JOlIJ.S 0."4 1.1-'0 320004 0,0471 36.0100 1.197£.00 39.-'4'-3
1006.47 0.'79 1.1~ 32.1970 0.em2 36.6200 1.300£·00 40.21'9
1091.36 O.~4 1.168 32.J:lll:l 0_ 37.2':xl 1.407£·03 4O.9t04
1096_22 0.088 1.178 32,'284 00477 37.0016 1.2HE-OJ 41.6227
1101.07 0.'93 1.167 32.7427 00441 38.~7 1.1 19E·00 42.~
110'.Ba 0.'97 1.100 32.9426 0.04G8 39,2~ 1.t89£·00 43.t076
1110.68 0.002 f_2M 3J.IJf~ O~7 39.9:";68 1.269£-03 43.68t8
llt',~ 0.606 1.214 33.:xl26 0r044 40.6901 t.Jl'Il£-03 44,68j(\
1120.26 0.611 1.223 33_ 00'26 41.4)6:) 1.340£·03 4'.m6
tt2,M 0,616 1.232 33.6474 0,0370 42.2t29 1.448£·03 46.~n
1129.78 0.620 1.241 33.7652 00017 43.0em t ,366[·03 47.2279
1134.31 0.6.2' 1.2~ 33._ 0"""" 438.2'7 1.481£·03 46.t283
lt39_23 0.629 1.259 34.09:17 0.0374 446723 1.4'7£,03 49.~1
1143.94 0634 1.269 34.2~ 0_ 4'.~67 1.443£,00 ~,Ot8-4
1140b' 0&38 t.276 34.4147 0~1 4B.4~2 1.42~E-OJ '1.0128
11~.32 0.643 '.287 3·B767 0.0317 47_3B2t 1.314£-00 '2.0J40
11~7.00 0,641 1.200 34.763 Om22 46.3-4:1' 1.3:26£,00 030096
lt62.62 0.l>'2 1.300 349233 0_ 49.m7 1.~~£-00 ~.t71J3
t167.28 0"'" 1.314 33.0:194 00742
"'JG89 1.686£·03 ~.3140
1171,9 0.661 1.323 3:I.t661 00943 '1.431' 2_394£·00 ~.4009
1176.48 0,", 1.332 332493 00796 '-2.~4-4 2.02IE-OJ ~7.6Bll
tt61,t4 0670 1.3-41 ~.J92' 00648 ~6766 1.64~£-OJ 589489
11~.67 0674 1.~9 :1'.'-2&4 00647 :'>4,84-43 1.643£·03 60.2266
1100.23 OB7t! 1.J:l8 ~6674 O~7 'll.~8 1.4Er.E·OJ 61 ..:l659
tt94,79 0,,", 1.367 ~.8J08
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NS11-28 (Sat. Argon, 700 C)
Potential Analysis P=5381bs
Fin.-Ditt.
Potential .IW • (In) ! (hrs) du/d! (In/h) K (Ksl In A .5) du/d! (m/h) K (MP. m A .5)
822.991 0.3392 0.6794 0.0014
827.472 0.3429 0.6867 0.0930 0.0707 18.4961 1.7966E-03 20.3142
833.495 0.3478 0.6967 0.2452 0.0717 18.7348 1.8202E-03 20.5742
839.485 0.3528 0.7066 0.3705 0.0829 18.9757 2.1052E-03 20.8387
845.406 0.3577 0.7168 0.4853 0.0999 19.2195 2.5375E-03 21.1084
851.265 0.3627 0.7265 0.5693 0.1309 19.4664 3.3238E-03 21.3775
857.086 0.3677 0.7364 0.6372 0.1521 19.7176 3.8628E-03 21.6534
862.837 0.3726 0.7464 0.6999 0.1660 19.9716 4.2171E-03 21.9324
868.554 0.3776 0.7563 0.7567 0.1826 20.2304 4.6386E-03 22.2166
874.248 0.3826 0.7663 0.8090 0.2015 20.4945 5_1178E-03 22.5066
879.867 0.3875 0.7762 0.8556 0.2295 20.7616 5.8301E-03 22.8000
885.447 0.3925 0.7861 0.8956 0.2459 21.0336 6.2450E-03 23.0986
890.99 0.3975 0.7961 0.9365 0.2696 21.3106 6.8487E-03 23.4026
896.492 004024 0.8061 0.9694 0.3123 21.5927 7_9318E-03 23.7126
901.963 0.4074 0.8160 1.0004 0.3166 21.8805 8.0408E-03 24.0288
907.387 0.4124 0.8260 1.0325 0.3170 22.1733 8.0506E-03 24.3502
912.787 0.4174 0.8360 1.0634 0.3275 22.4726 8.3198E-03 24.6789
918.118 0.4223 0,8460 1.0934 0.3247 22.7760 8_2481E-03 25.0121
923.41 0.4273 0.8559 1.1247 0.3281 23.0854 8.3327E-03 25.3519
928.67 0.4323 0.8659 1.1541 0.3453 23.4014 8.7704E-03 25.6988
933.903 0.4373 0.8759 1.1824 0.3361 23.7244 8.5370E-03 26.0536
939.121 0.4423 0.8859 1.2136 0.3269 24.0556 8.3031E-03 26.4173
944.316 0.4473 0.8959 1.2438 0.3612 24.3948 9_1755E-03 26.7898
949.41 0.4522 0.9058 1.2688 0.4065 24.7368 1.0326E-02 27.1654
954.495 0.4572 0.9158 1.2927 0.4116 25.0882 1.0455E-02 27.5513
959.573 0.4622 0.9258 1.3174 0.4063 25.4493 1.0319E-02 27.9479
964.581 0.4672 0.9358 1.3418 0.4185 25.8160 1_0630E-02 28.3506
969.576 0.4722 0.9457 1.3650 0.4028 26.1927 1.0230E-02 28.7642
974.546 0.4772 0.9557 1.3914 0.4075 26.5788 1.0351E-02 29.1883
979.478 0.4821 0.9657 1.4140 0.4342 26.9737 1.1029E-02 29.6219
984.402 0.4871 0.9758 1.4375 0.4670 27.3801 1.1862E-02 30.0682
989.286 0.4921 0.9858 1.4569 0.5063 27.7958 1.2861E-02 30_5247
994.158 0.4972 0.9958 1.4771 0.5092 28.2236 1.2934E-02 30.9945
998.95 0.5021 1.0058 1.4962 0.5318 28.6577 1.3507E-02 31.4712
1003.74 0.5071 1.0157 1.5146 0.5467 29.1055 1.3886E-02 31.9630
1008.5 0.5121 1.0257 1.5327 0.5858 29.5650 1.4879E-02 32.4676
1013.29 0.5172 1.0359 1.5490 0.6526 30.0426 1.6575E-02 32.9921
1018.02 0.5222 1.0459 1.5636 0.6058 30.5299 1.5388E-02 33.5272
1022.65 0.5271 1.0558 1.5819 0.5830 31.0228 1.4808E-02 34.0685
1027.36 0.5322 1.0659 1.5979 0.6558 31.5412 1.6656E-02 34_6378
1031.95 0.5371 1.0758 1.6124 0.6537 32.0635 1.6605E-02 35.2114
1036.55 0.5421 1.0858 1.6284 0.6022 32.6049 1.5297E-02 35.8060
1041.15 0.5471 1.0958 1.6457 0.8213 33.1652 1.5780E-02 38.4213
1045.72 0.5521 1.1059 1.6607 0.7045 33.7414 1.7895E-02 37.0540
1050.29 0.5571 1.1160 1.6742 0.7676 34.3381 1.9497E-02 37.7093
1054.81 0.5621 1.1260 1.6869 0.8078 34.9495 2.0517E-02 38.3807
1059.29 0.5671 1.1360 1.6990 0_7771 35.5774 1.9737E-02 39.0702
1063.75 0.5721 1.1460 1.7126 0.7323 36.2252 1.8601E-02 39.7617
1068.21 0.5771 1.1560 1.7264 0.6731 36.8969 1.7096E-02 40.5194
1072.64 0.5822 1.1660 1.7424 0.5960 37.5891 1.5139E-02 41.2794
1077 .03 0.5871 1.1760 1.7599 0.6267 38.3007 1.5918E-02 42.0610
1081.45 0.5922 1.1861 1.7745 0.7052 39.0445 1.7913E-02 42.8778
1085.81 0.5972 1.1962 1.7885 0.7563 39.8065 1.9211E-02 43.7145
1090.16 0.6022 1.2062 1.8010 0.8084 40.5962 2.0533E-02 44.5818
1094.46 0.6072 1.2162 1.8133 0.7966 41.4073 2.0234E-02 45.4726
1098.76 0.6122 1.2262 1.8262 0.7721 42.2505 1.9611E-02 46.3985
1103.03 0.6172 1.2362 1.8392 0.7719 43.1212 1.9605E-02 47.3547
1107.33 0.6222 1.2463 1.8522 0.7928 44.0336 2.0137E-02 48.3567
11 11.55 0.6272 1.2563 1.8645 0.8274 44.9656 2.1015E-02 49.3802
1115.81 0.6323 1.2664 1.8765 0.8660 45.9454 2.1996E-02 50.4561
1120 0.6373 L2764 1.8878 0.9185 46.9493 2.3329E-02 51.5587
11 24.19 0.6423 1.2665 1.8983 0.9640 47.9955 2.4993E-D2 52.7078
1128.36 0.6473 1.2965 1.9082 1.006B 49.0812 2.5573E-02 53.8999
1132.51 0.6523 1.3065 1.9183
108
NS11-29 (760 torr oxygen, 650 C)
Pol,nt.JAOII'y-ia P-~2B IblI
Fin.-DiU. METRIC
Pot.ntiral oJW II (in) I (hra) dll/dl(lnfh) K(Kalin'" .~) daldt(mlhl K (MP" m~ .~)
B23.~ 0.347 0.693 0.0014
628.668 0.3:)1 0.701 1.7040 00038 18.3906 9_177E·~ 20.1964
63<.604 033<1 0.711 ~,O349 0.= 18.6230 B.B:llE·M 20.4:114
640.5-\ 0.360 0.721 7.3270 0.0041 18_~ 1.163E·04 20.7100
64B:4i2 0.36:> 0-731 9.2200 0._ IO.ron 1.600E-04 20.9726
8:l2_~1 0,370 0.740 10272:1 0.0111 19.~ 2.031E-04 212382
B:lfUOO 0.37:1 O.7:lO 10-9762 O.Ol:lO la.~ 3.816E·04 21.:K>62
00<.0>4 0.300 0.760 11.:1702 0.0\70 19.8J.49 4.:KroE-04 21.7823
..,,889 0.380 a.no 12.1261 0.0200 20.0081 :I.OO2E-04 22.060J
87:l.7i6 0.390 0.779 12."4~ 0.0236 20.3469 6.oo1E-04 22.m:l
B81.~1 0.39:1 O.7W 12.0:113 0.0216 20.6070 ~H78E-04 22.QJ12
687.326 0.399 0.799 13.4<162 0.0203 20.67~ :l.le"E.(}4 22.9228
893.107 0.404 0.009 13.0073 0.0247 21.1-«2 8.282E-04 23.2201
roe.e71 0.409 0.818 1-4.23:2:1 00300 21.419:1 7.764E-Oi 2J_~24
004.614 0.414 0.628 14.~12 O.OJOI 21.6993 7.~E-04 23_8297
910_~ 0.419 0.838 H.enO 0.0334 21.~ e.467E·0-4 24.143-4
916,001 0.424 0.1M7 1:l.f121 0.039< 22.27-49 l.002E-OJ 24.4817
921.n4 0.429 0.M7 1:l.36a9 0.0384 22.:l714 9.76-4E-0-4 24.7874
927.462 0.433 0.667 1:l.6272 0.0413 22.6730 1.049E-OJ 2!!.1187
933.133 0.438 0.877 1!!.6382 0.0442 23_1~ l.124E·OJ 2!!.4363
938.7~ OM3 0.886 16.0634 O.CKOO 23.494-4 1.234E-OJ 2~.0010
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1032.91 0.!!2:l 1.= IRI931 0.0823 30.0428 2,09OE-03 32.8921
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1091.!H 0,:l76 1.1:)6 19.0G86 0.1404 36.a7~ 3,:l67E·OJ 39.6100
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0 1118,14 0602 1.204 19.3742 01420 39""" 3BOOE·OJ 43.4114
1123.4 0,607 1.214 19.4'JJ 0.1361 40.2937 3.-436E-OJ 44_2400
1128.:l6 0.612 1.223 19.:l149 0.1~16 -41.0718 3.6j2E-OJ 4'.1039
1133.8 0.616 1.233 19.:10793 0.1626 41.863;! 4.1JOE-OJ 4:l.99:l2
l1J9.DJ 0.521 1.242 19.6332 0.1547 42.n~ 4.16JE·OJ 46.9203
lH4_17 0.626 1.2-'2 19.69-'4 0,1602 U.583-4 4.2lIE·OJ 47.6623
1149.33 0,631 1,261 19.7477 0.2010 4-4.47:l9 :l.l06E·OJ 48,8424
11~.!! 0636 1.271 19.79O:l 0.22'9 4'.4Ol2 :l_739E-OJ 49.9600
11!!9.64 0&40 1.281 19.B3:23 0.2197 46.~97 '.~IE-OJ "'9111
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